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Abstract

Over the years, the buckling restrained braces (BRBs) have more and more become one of the 
best solutions for retrofitting or upgrading many existing reinforced concrete framed build-
ings located in areas with a high seismic hazard. The present investigation studies the effec-
tiveness of BRBs used to seismically retrofit a reinforced concrete (RC) building in L’Aquila 
defining an advanced non-linear 3D model in OpenSees. The seismic performance of the in-
vestigated building is assessed developing the following comparisons: before and after the 
retrofit through BRBs. Adopting a hysteretic model specific for the BRBs, both non-linear 
static analyses and incremental dynamic analyses under a set of real ground motion records 
are carried out to build the seismic demand hazard curves. The numerical results highlighted 
the influence of the BRBs on the seismic performance of the system components also in rela-
tion to the effectiveness of the retrofit.

Keywords: Seismic Demand Hazard Curves, Buckling Restrained Braces, Capacity, Rein-
forced Concrete Frame, Masonry Infill Walls.
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1 INTRODUCTION
Among the different solutions available to enhance the performance of existing structures, 

a great variety of passive energy dissipation systems [1]-[3] have been proposed in the last 
decades. These systems are usually classified as hysteretic dampers, viscoelastic dampers, 
viscous fluid dampers [4] and friction dampers [5]. Buckling restrained braces (BRBs) are 
hysteretic dampers that constitute one of the most efficient system for adding stiffness, 
strength and energy dissipation capacity to a structure [6]-[8]. The effectiveness of these de-
vices has been proven by many experimental tests and numerical simulations, and numerous 
applications to existing buildings have been documented in the literature (e.g., [9]-[12]).
BRBs consist of a steel core placed inside a steel tube filled with a concrete material [13]-[14].
According to numerous experimental tests, BRBs exhibit a stable hysteretic behaviour with a 
high-energy dissipation capacity, up to ductility levels higher than 20 [15]-[16].

Many studies in the literature have proposed methodologies for the design of BRBs for ret-
rofitting existing frames and have evaluated the performance of the retrofit with deterministic 
approaches (e.g., [17]-[19]). However, very few works have analyzed the performance of 
buildings retrofitted with BRBs by employing probabilistic approaches accounting for the ef-
fect of the uncertainties inherent to the seismic input. Among these, Guneysi [20] investigated 
the application of BRBs for seismic retrofitting of steel moment resisting framed buildings. 
Fragility curves were developed using the maximum interstorey drift ratio as engineering de-
mand parameter (EDP), and were used to compare the performances of the bare frame, the 
frame retrofitted with conventional braces, and the frame retrofitted with BRBs. Freddi et al. 
[7] proposed a probabilistic framework, based on the use of component and system fragility 
curves, to evaluate the effectiveness of BRBs for retrofitting reinforced concrete (RC) frames 
with low ductility capacity. Moreover, important EDPs, such as the absolute accelerations, 
were disregarded. Adding stiffness and strength to a frame through the BRBs often leads to an 
increase rather than a decrease of absolute accelerations, due to the reduction of the vibration 
period, and this may affect the performance of acceleration-sensitive non-structural building 
components. Furthermore, it is widely acknowledged that the main drawback of BRBs is their 
low post-yield stiffness, which may result in excessive residual inter-storey drifts in structures 
equipped with them [21]-[23]. Thus, an assessment of the effectiveness of the retrofit should 
also account for the response in terms of these two EDPs.

Finally, previous studies on the performance of buildings retrofitted with BRBs have em-
ployed simplified models of the BRBs with essentially elasto-plastic behaviour and kinematic 
hardening. However, more sophisticated constitutive models should be considered to properly 
account for the specific features of the behaviour of these devices that emerged in numerous 
experimental tests [13], [24]-[25]. These include the significant role of isotropic hardening 
and the asymmetry in the yield force in compression with respect to that in tension [13], [24].
The cumulative plastic deformations in the BRBs, that may control the failure of these devices 
due to low-cycle fatigue, need also to be monitored [26]-[31].

The aim of this work is to evaluate the effectiveness of buckling restrained braces for retro-
fitting an existing RC building, by employing an advanced model of BRBs and a wide range 
of EDPs for monitoring the performance of the building components and of the BRBs. For 
this purpose, an existing RC building located in L’Aquila, damaged by the 2009 earthquake, 
is used as case study. First, a non-linear three-dimensional model of the existing RC building
is defined in OpenSees [32]. A widely employed procedure based on pushover analyses and 
N2 method [33] is employed to design the braces. Specifically, the bracing system is designed 
by disregarding the effect of infill walls and with the target objective of achieving a maximum 
interstorey drift ratio of 1.5% under the life safety limit state design seismic action [34] for the 
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site (return period of 475 years). Successively, the seismic performance of the retrofitted 
building is evaluated by performing both non-linear static analyses and incremental dynamic 
analyses under a set of real ground motion records. Seismic fragility and demand hazard 
curves of the building are derived considering multiple EDPs. These include the maximum 
interstorey drifts together with the absolute accelerations.

The capability of the dissipative bracing system in enhancing the performance of structural 
and non-structural components of the frame is assessed by evaluating the results in terms of 
seismic demand hazard curves, providing the annual rate exceeding different demand levels. 

2 CASE STUDY: DESCRIPTION AND MODELLING
The case study (Figure 1) is a reinforced concrete frame built in 1984 that is representative 

of many RC structures built in Italy before the introduction of modern seismic codes and de-
signed for gravity loads only, without any seismic detailing. The building is composed of five 
stories with a height of 2.8 m at the ground storey and of 3 m at the other storeys. Figure 1
describes the plan configuration of the frame, with an overall length of 25.30x10.85 m along 
the horizontal (X) and vertical (Y) directions, respectively. A reinforced concrete staircase is 
located centrally in the lower part of the building. The frame columns have a rectangular cross 
section with dimensions 35x60 cm at the ground floor and 30x60 cm at the other floors,
whereas the columns that support the stair landing have the same rectangular cross section of 
25x60 cm at each floor. The beams along the Y direction are deep beams with various rectan-
gular sections: 35x50 cm, 30x50 cm and 25x50 cm. The properties of materials used for the 
structural components of the frame have been evaluated via a campaign of destructive in-situ 
tests. In particular, the concrete material behavior was evaluated based on 16 compressive 
tests on concrete cores extracted from the RC frame elements, while the steel properties were 
evaluated based on tensile strength tests executed on rebar samples. Table 1 reports the aver-
age mechanical properties for unconfined concrete and reinforcement steel. With regards to
concrete, cf denotes the compressive strength, cE the elastic modulus, c and cu the peak 
and ultimate deformations, and cuf the ultimate strength. With regards to steel, syf is the 
yield stress, sE the elastic modulus, and b the post-elastic to elastic stiffness hardening ratio.

X

Y

Figure 1. Schematic plan configuration of the building. (Dimensions in cm)
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Unconfined concrete Steel

fcm [N/mm2] c [-] fcu [N/mm2] cu [N/mm2] Ec [N/mm2] fsy [N/mm2] Es [N/mm2] b [-]

21.6 0.018 21.6 0.0035 27717.8 430.7 206000 0.01

Table 1. Mechanical properties of unconfined concrete and steel reinforcement.

The building is located in L’Aquila (Italy), with geographical coordinates Lon. = 13.394° 
and Lat. = 42.36°, on a soil of class D and topographical category T1, according to [34]. Fig-
ure 2 shows the code elastic response spectra in terms of accelerations and displacements for 
different limit states and relevant return periods (i.e., Operational – 30 years, Damage – 50
years, Life Safety – 475 years, Near Collapse - 975 years) assuming an inherent damping fac-
tor of 5%, respectively.
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Figure 2. Code elastic response spectra in terms of accelerations a) and displacements b).

Figure 3 shows the numerical model of the RC frame developed in OpenSees [32], which 
employs “beam with hinges” elements [35] to describe the nonlinear hysteretic response of 
beams and columns. The beam-column joints are described by beam elements with very high 
stiffness whereas the in-plane rigid floor slab is described by a diaphragm constraint at each 
floor. In the “beam with hinges” elements, the inelastic behaviour is concentrated over speci-
fied hinge lengths piL and pjL at the two element ends while, a linear elastic behaviour is as-
signed to the central portion. The lengths of the plastic hinges are defined as a function of the 
shear span VL , assumed equal to the half element length, and of the product between the bar 
yield strength and diameter sy bf d [36]:

0.12 0.014p V sl sy bL L f d (1)

where sl is a variable that can assume the value 1 if the slippage of the reinforcement bars 
from the anchorage zone beyond the end section is possible or 0 if is not.

In the plastic hinge zone, the behaviour of concrete is described by the nonlinear degrading 
Concrete02 material model [32], with tensile strength set to 0.1fcm and a linear tension soften-
ing.

The effect of the confinement of the concrete core fibers of beams and columns is taken in-
to account by modifying the concrete constitutive law as suggested by [37]. The compressive 
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strength of the confined concrete increases thanks to the compressive effect provided by the 
stirrups and the longitudinal reinforcement and can be evaluated as:

' '
' 7.941.254 2.254 1 2l l

cc cm
cm cm

f ff f
f f (2)

where cmf is the compressive strength of the unconfined concrete (Table 1) and '
lf depends 

on the geometry of the section and of the reinforcements as explained in [37]. The ultimate 
compressive strain, cu , corresponds to the rupture of the first hoop and can be found based 
on an energy balance approach [37]. The confinement differs for each section, since it de-
pends on the dimensions, and amount of longitudinal bars and stirrups. Thus, different values 
of '

ccf , crushing strength and cu are obtained for the various sections.
The behaviour of steel reinforcement is described by using a uniaxial bilinear constitutive 

law with kinematic hardening (Steel01 in OpenSees [32]). Concrete cracking is taken into ac-
count by considering an effective flexural stiffness for the elastic part of each beam and col-
umn element. This stiffness is evaluated by means of moment-curvature analysis of the 
sections at the extremes of the elements, for the axial force level induced by the dead loads 
(zero axial load in case of beams).

Figure 3. Numerical model of the RC building in OpenSees (with no infills).

Using the function “MinMax material” of OpenSees [32], material failure can be simulated 
in the fibers of the RC sections by setting the stresses to zero once a prefixed strain threshold 
value is attained. Conservatively, the same threshold of cu equal to -0.012 is set for all the 
concrete fibers with the confined properties. For the unconfined concrete of the cover of the 
cross sections, the strain threshold was set to -0.0035. The rupture of the reinforcement bars, 
with a drop of the stress to zero, is assumed to occur at a strain of 0.075. The system nonlinear 
geometrical behaviour is taken into account by considering second-order P-delta effects.

3 DESIGN AND MODELLING OF THE HYSTERETIC DEVICES (BRBS)
The method proposed by Dall’Asta et al. [17] is employed in this study to design the dissi-

pative bracing system. According to this method, the dissipative bracing system and the exist-
ing frame are described as two elastic-perfectly plastic single-degree-of-freedom (SDOF) 
systems acting in parallel. The properties of the SDOF system equivalent to the existing frame 

3916



P. Castaldo, E. Tubaldi, and L. Gioiella

are derived by performing a pushover analysis under a distribution of forces corresponding to 
its first vibration mode [33]. The capacity curve of the frame is replaced by an elastic perfect-
ly-plastic one, which is obtained based on an energy equivalence criterion and is described by 
the initial stiffness Kf, the base shear capacity Vf, and the ductility capacity fc (Figure 4a).

The properties of the bracing system depend on the properties of the diagonal braces at 
each storey. It is worth to recall that the diagonal dissipative braces considered here consist of 
two members in series, namely the BRB device and the over-strengthened brace. Only the 
first one undergoes plastic deformations, whereas the second is designed to remain elastic.

The distribution of the stiffness of the braces along the building height is assumed equal to 
the one of the frame in order to obtain a coupled system with the same first mode shape. 
Moreover, the braces are assumed to yield simultaneously when the structure vibrates accord-
ing to the first mode.

The design ultimate displacement of the diagonal brace system can be assumed equal to 
that of the frame, in order to ensure simultaneous failure of both the frame and the braces. The 
capacity curve of the bracing system is idealized as an elastic-perfectly plastic curve, and de-
scribed by few parameters that are the design variables: the initial stiffness Kd, the base shear 
capacity Vd, and ductility capacity dc, equal to that of the diagonal braces under the assump-
tion of simultaneous yielding of the diagonal braces at all the storeys. It is noteworthy that the 
BRBs, and thus the bracing system, exhibit a more complicated behaviour, which however is 
simplified in the design stage.

In this study, only the retrofit of the frame along the X direction is considered, since this 
corresponds to the weak direction of the bare frame. The results from the modal analysis of 
the bare frame for the first five vibration modes are summarized in Table 2. The coupling be-
tween the modal responses along the two directions is very low, and the mass participation 
factor of the first mode along the X direction is very high (i.e., 80.8%).

Mode Type ω [rad/s] T [s]

1 Translational X 7.388 0.850

2 Rotational 9.371 0.670

3 Translational Y 9.496 0.662

4 Translational X 23.432 0.268

5 Rotational 30.300 0.207

Table 2. Vibration modes of the bare frame.

The design procedure of the bracing system requires the evaluation of the bare frame ca-
pacity curve along the X direction by means of a nonlinear static (pushover) analysis. The lat-
eral load pattern for the pushover analysis is determined for a distribution of the loads 
proportional to the first vibration mode of the structure. The control node is the centre of mass 
of the top floor. Figure 4a shows the capacity curve of the equivalent SDOF system and its bi-
linearization according to the Italian code [34]. These curves are expressed in terms of d* and
V*, which are obtained dividing the displacement of the control node and the base shear of the 
MDOF system by the modal participation factor 2

i i i im u m u of the first vibration
mode. The ductility capacity of the frame is fc =3.73, corresponding to a maximum inter-
storey drift ratio of 2.3%.
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Figure 4b compares, in the acceleration-displacement plane, the elasto-plastic capacity 
curve of the bare frame and the seismic demand for the life safety limit state according to the 
N2 method. The values of the acceleration *a of the capacity curve are obtained by dividing 
the forces *V by the equivalent mass *

i im m u of the SDOF system. It can be seen that
the ductility demand μf=3.55 is quite close to the ductility capacity of the structure. Thus, the 
structure needs to undergo significant plastic deformations to withstand the seismic demand, 
leading to extended damage.

In order to reduce the seismic damage, the bracing system is added in parallel to the frame, 
and the target ductility demand of the frame under the design seismic input is assumed equal 
to μf=2.64, corresponding to a maximum interstorey drift ratio (IDR) of 1.5%.

V*
[k

N
]

d* [m]

dfu
*=0.175dfy

*=0.047
Vf

*=2269 kN

a)

μfc=3.73
a*

[m
/s2 ]

d* [m]

b)

μf=3.55

Figure 4. a) Capacity curve of the SDOF system equivalent to the bare frame and its bi-linearization and b) com-
parison between the seismic demand and capacity for the bare frame.

The ductility capacity of the BRB devices and of the dissipative system are assumed re-
spectively equal to 0c =15 and dc =10. It is noteworthy that the value of dc is less than the 
value of 0c due to the flexibility of the brace placed in series with the BRB device ([6], [17]). 
The base shear capacity of the BRB system must be equal to dV =900 kN to obtain a design 
capacity curve of the coupled system (frame and BRBs system) that intersects the inelastic 
demand spectrum (Figure 5a-b). It is noteworthy that the base shear of the bracing system is 
only 39% of the base shear of the bare frame. Although a higher value could be chosen, by 
reducing the ductility demand of the frame, this would result in excessive forces transmitted 
to the columns adjacent to the bracing system, and an increase of their vulnerability [6].
Moreover, higher values of this ratio are generally associated with excessive interstorey resid-
ual drift levels, impairing reparability after major earthquake events.
Given the properties of the bracing system, the characteristics of the BRB devices and of the 
elastic braces at each storey can be determined by following the procedure described in 
Dall’Asta et al. [17] and they are reported in Table 3. It is worth to recall that the design prop-
erties of the braces (initial stiffness i

dK , yielding force i
dF and ductility capacity i

dc where i
denotes the storey number) depend on the properties of the BRB device (initial stiffness 0

iK ,
yield force 0

iF and ductility capacity 0
i
c ) and on the properties of the elastic brace (length i

bL
and stiffness i

bK ). The brace length i
dL is equal to the sum of the BRB length 0

iL and the elas-
tic brace length i

bL .
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In order to limit the axial forces transmitted to the columns adjacent to the braces, four di-
agonal braces are employed at each storey. The brace arrangement is shown in Figure 6.

V
*

[k
N

]

d* [m]

Vc
*=3204 kN

a)

Vf
*=2304 kN

Vd
*=900 kN

a*
/ S

a
[m

/s
2 ]

d* / Sd [m]

b)
Elastic demand spectrum
Inelastic demand spectrum (bare frame)
Inelastic demand spectrum (coupled system) 

μf=2.64

μc=3.22

Figure 5. a) Design bilinear capacity curve of the SDOF system equivalent to the retrofitted frame and b) com-
parison between the seismic demand and capacity for the retrofitted frame.

Braces BRBs Elastic braces
Storey Fci Kci K0i F0i A0i L0i Kbi Fbi Abi tbi Lbi

[-] [kN] [kN/m] [kN] [kN/m] [m2] [m] [kN] [kN/m] [m2] [mm] [m]

4 152 91404 142.18 152.05 608.19 898.3 142.18 152.05 608.19 10 898.3
3 235.6 91793 142.79 235.56 942.23 1385.7 142.79 235.56 942.23 10 1385.7
2 299 95200 148.09 299.04 1196.14 1696.2 148.09 299.04 1196.14 10 1696.2
1 338 105238 163.7 337.99 1351.97 1734.3 163.7 337.99 1351.97 10 1734.3
0 343.8 188593 293.37 343.78 1375.14 984.4 293.37 343.78 1375.14 10 984.4

Table 3. Dissipative braces, BRBs and elastic brace properties at each storey.

Figure 6. Modelling of the BRB by means of two elements (truss + elastic beam).

The dissipative braces are modelled by using two elements (Figure 6): an elastic beam el-
ement for the elastic brace and a truss element for the BRB. The BRB is assigned the constitu-
tive law of Zona et al. [30]. The parameters that influence the hardening and hysteresis of the 
elasto-plastic model can be calibrated based on experimental characterization tests carried out 
on BRB prototypes. In this study, the parameters reported in Zona et al. [30] and calibrated on 
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the experimental tests of Tremblay et al. [38] are considered. Figure 7 shows the capacity 
curve evaluated by performing the nonlinear static analysis of the retrofitted structure, and the 
corresponding equivalent bilinear curve. The capacity curve is truncated at a value of the dis-
placement equal to 0.15 m, corresponding to an IDR of 1.5% for the frame and a ductility ca-
pacity μc=3.22. The ductility of the coupled system is much higher than that of the frame 
(μf=2.64), thanks to the addition of the BRBs. Figure 7b compares the elastic and inelastic 
seismic demand with the capacity of the coupled system. The seismic design action induces a 
ductility demand of 3.13 (Figure 7b) in the system.

It is noteworthy that the design of the dissipative bracing system has been carried out dis-
regarding the contribution of the infill walls. 

V
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]
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*=0.135dcy
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a)
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/ S
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d* / Sd [m]

b)

μc=3.13

Figure 7. a) Capacity curve of the SDOF system equivalent to the retrofitted system and its bi-linearization and b) 
comparison between the seismic demand and capacity for the retrofitted frame.

4 SEISMIC PERFORMANCE AND RETROFIT EFFECTIVENESS EVALUATION
The seismic performance assessment of the system and the evaluation of the effectiveness 

of BRBs for the retrofit are based on the development and comparison of seismic demand 
hazard curves for different EDPs describing the seismic response of structural and non-
structural components, as well as of the BRBs. Coherently with the performance-based earth-
quake engineering (PBEE) approach [39]-[41], the uncertainties related to the seismic input 
intensity are separated from those related to the characteristics of the record (i.e., record-to-
record variability) by introducing an intensity measure (IM). In particular, the randomness in 
the seismic intensity is described by a hazard curve, whereas the record-to-record variability 
for a fixed intensity level is modelled by selecting a set of natural ground motion records 
characterized by a different duration and frequency content, scaled to the assumed intensity 
level [42].

It is worth to note that, in general, the IM's choice should be driven by criteria of efficiency, 
sufficiency and hazard computability [43]-[45]. In this study, the spectral acceleration, 

,aS T , at the fundamental period of the system, 2 /T and for the damping ratio 
=5%, is assumed as intensity measure. This is a structural dependent IM that changes with 

the structural model. Table 4 reports the periods of the four models considered, together with 
the corresponding IM values at the life safety limit state (LFLS) and near collapse limit state 
(CLS).

Incremental dynamic analysis (IDA) [46] are carried out to investigate the response of the 
different systems for increasing intensity levels. The set of 30 ground motion records em-
ployed in IDA are derived from 19 different seismic natural events, selected within the ground 
motion database of PEER (Pacific Earthquake Engineering Research Center) [47], of ITACA 
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(Italian Accelerometric Archive) [48] and of ISESD (Internet-Site for European Strong-
Motion Data) [49]. The characteristics of the selected ground motion records are reported in
Table 5. Their source-to-site distance, Rs, is greater than 8.7 km, and their moment magnitude, 
M, is in the range between 6 and 7.6. Figure 8 shows the acceleration elastic response spectra 
of the unscaled records of Table 5.

Bare frame Retrofitted frame Infilled frame Inf. retrofitted frame
T [s] 0.850 0.637 0.836 0.632

Sa,LSLS [g] 0.787 0.909 0.799 0.909
Sa,NCLS [g] 0.851 0.959 0.865 0.959

Table 4. Periods of the four models.

# Year Earthquake 
Name

Recording Station 
Name Vs30 [m/s] Fault Type M [-] Rs[km] PGA [g]

1 1994 Northridge Beverly Hills - Mulhol 356 Thrust 6.7 13.3 0.52
2 1994 Northridge Canyon Country-WLC 309 Thrust 6.7 26.5 0.48
3 1994 Northridge LA-Hollywood Stor 316 Thrust 6.7 22.9 0.36
4 1999 Duzce, Turkey Bolu 326 Strike-slip 7.1 41.3 0.82
5 1999 Hector Mine Hector 685 Strike-slip 7.1 26.5 0.34
6 1979 Imperial Valley Delta 275 Strike-slip 6.5 33.7 0.35
7 1979 Imperial Valley El Centro Array #11 196 Strike-slip 6.5 29.4 0.38
8 1995 Kobe, Japan Nishi-Akashi 609 Strike-slip 6.9 8.7 0.51
9 1995 Kobe, Japan Shin-Osaka 256 Strike-slip 6.9 46.0 0.24

10 1999 Kocaeli, Turkey Duzce 276 Strike-slip 7.5 98.2 0.36
11 1999 Kocaeli, Turkey Arcelik 523 Strike-slip 7.5 53.7 0.22
12 1992 Landers Yermo Fire Station 354 Strike-slip 7.3 86.0 0.24
13 1992 Landers Coolwater 271 Strike-slip 7.3 82.1 0.42
14 1989 Loma Prieta Capitola 289 Strike-slip 6.9 9.8 0.53
15 1989 Loma Prieta Gilroy Array #3 350 Strike-slip 6.9 31.4 0.56
16 1990 Manjil, Iran Abbar 724 Strike-slip 7.4 40.4 0.51
17 1987 Superstition Hills El Centro Imp. Co. 192 Strike-slip 6.5 35.8 0.36
18 1987 Superstition Hills Poe Road (temp) 208 Strike-slip 6.5 11.2 0.45
19 1987 Superstition Hills Westmorland Fire Stat. 194 Strike Slip 6.5 15.1 0.21
20 1992 Cape Mendocino Rio Dell Overpass 312 Thrust 7.0 22.7 0.55
21 1999 Chi-Chi, Taiwan CHY101 259 Thrust 7.6 32 0.44
22 1999 Chi-Chi, Taiwan TCU045 705 Thrust 7.6 77.5 0.51
23 1971 San Fernando LA - Hollywood Stor 316 Thrust 6.6 39.5 0.21
24 1976 Friuli, Italy Tolmezzo 425 Thrust 6.5 20.2 0.35
25 1980 Irpinia Bisaccia 496 6.9 21.3 0.94
26 1979 Montenegro ST64 1083 Thrust 6.9 21.0 0.18
27 1997 Umbria Marche ST238 n/a Normal 6.0 21.5 0.19
28 2000 South Iceland ST2487 n/a Strike Slip 6.5 13 0.16
29 2000 South Iceland (a.s.) ST2557 n/a Strike Slip 6.4 15.0 0.13
30 2003 Bingol ST539 806 Strike Slip 6.3 14.0 0.30

Table 5. Selected ground motions for the time history analyses.
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The EDPs considered for monitoring the seismic response are the peak values, among the 
various storeys, of the interstorey drift ratio (IDR) and the absolute acceleration (ACC).
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S a
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Figure 8. Acceleration elastic response spectra for the seismic records. The dashed lines indicate the structural 
periods of the various models.

Figure 9 shows the IDA curves in terms of IDR obtained for the various models considered. 
It is noteworthy that for high IM values, some convergence issues arise due to the failure of 
some fibers in critical sections and nonlinear geometrical behaviour of the model. Thus, plot-
ted in the figure are only the numerically-converging dynamic analysis points. It can be ob-
served in the plot that in the case of the bare frame, the IDR of 1.5% is reached at an IM =
0.3g for the bare frame model and at 0.7g for the retrofitted model. This results already shows 
the benefit of the use of the BRBs in terms of drift reduction, which is only partially impaired
by the seismic demand increase due to period reduction (see Table 4).
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Figure 9. IDA results in terms of IDR: a) Bare frame; b) Bare frame with BRBs.

For each EDP considered, the conditional exceeding probability ( )EDP IMG d im is evaluated 
for the different models at the various IM levels considered. Both the collapse (and conver-
gence) and not-collapse results are taken into account by applying the total probability theo-
rem [50]-[53], according to the following expression:

( ) ( , ) 1EDP IM EDP IMG edp im G edp im NC P C IM P C IM (3)
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where ( , )EDP IMG edp im NC is the probability of exceedance of the EDP conditional to the IM

and to not-collapse, the probability of collapse P C IM is evaluated numerically for each IM
level by dividing the number of analyses for which collapse occur by the total number of 
analyses.

Figure 10 shows the conditional exceedance curves for the IDRs, which are fitted by 
means of lognormal distributions. Five different demand thresholds are considered, namely 
0.5%, 1%, 1.5%, 2% and 2.5%. These values correspond to increasing levels of seismic dam-
age of the frame [50], [51], [54]. Obviously, the median value of the spectral acceleration cor-
responding to the threshold of 1.5% increases due to the retrofit and slightly decreases if the 
infill frames are considered in the models.
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Figure 10. Conditional probability of exceedance vs. IM for the IDR: a) Bare frame; b) Bare frame with BRBs.

Figure 11 illustrates the conditional exceedance curves for the other EDP. In general, the 
exceeding probabilities decrease for increasing values of the threshold and increase for higher 
IM levels, as expected. The systems with added BRBs exhibit lower conditional probabilities 
compared to the ones without BRBs, for the same IM and threshold levels, for all the moni-
tored EDPs. Quite interestingly, also the probability of exceedance of the absolute accelera-
tions slightly reduces due to the addition of the BRBs, whereas the infills have a minor effect 
on this probability. 
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Figure 11. Conditional probability of exceedance vs. IM for the ACCs: a) Bare frame; b) Bare frame with BRBs.
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It is noteworthy that the curves plotted in Figure 10-Figure 11 have been derived by con-
sidering different IMs for each of the models analysed. Thus, they could not be directly com-
pared to each other. While in Freddi et al. [7] the concept of safety margin is used to compare 
fragility curves developed for a RC frame before and after the retrofit with BRBs, in this 
study seismic demand hazard curves, that are not conditional to the IM, are employed.

5 SEISMIC DEMAND HAZARD CURVES
Figure 12 shows the seismic hazard curves, expressing the mean annual rate (MAF) of ex-

ceedance of the various IMs considered in this study. These curves, plotted in semi-
logarithmic scale, have been derived for the site in L’Aquila, where the structure is located, 
by following the procedure described in [34]. It can be observed that for the same level of the 
MAF of exceedance, the spectral acceleration is higher for the retrofitted frame than for the 
unretrofitted frame.

λ
[1

/y
ea

r]

Sa [g]

Bare frame
Retrofitted frame

Figure 12. Seismic hazard curves for the unretrofitted frame and the frame retrofitted with BRBs obtained by 
neglecting the infill wall contribution.

The seismic demand hazard curves for the various systems and EDPs of interest are ob-
tained by convolution of the conditional probability of exceedance (Figure 10 to Figure 11)
with the relevant seismic hazard curve (Figure 12). The demand hazard curve for the generic 
EDP can be estimated as follows:

0

( )( ) ( ) IM
EDP EDP IM

d imedp G edp im d im
d im (4)

where ( )d denotes the differential operator.
Figure 13 shows the demand hazard curves of the various EDPs of interest obtained for the 

structural models considered. 
With regard to the IDR, it can be observed that the BRBs are effective to reduce the seis-

mic demand to more acceptable values. In particular, the MAF of exceedance of the 0.5% 
threshold, commonly associated to onset of nonlinear behaviour of the frame, reduces from 
0.0164 1/year to 0.0249 1/year, whereas the MAF of exceedance of the 2% threshold, associ-
ated to significant damage to the frame, reduces from 0.0037 1/year to 0.0001 1/year. Thus, 
the performance improvement is higher for high drift levels. It is also interesting to observe 
that the MAF of exceedance of the 1.5% limit, which is considered for the design of the BRBs,
is equal to 6·10-4 1/year for the case of the retrofitted frame. This value is lower than the MAF 
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of exceedance of the design seismic input, which is 2.1·10-3 1/year. The discrepancy may be 
due to the simplifying assumptions of the design procedure, particularly the fact that the iso-
tropic hardening behavior of the BRBs is neglected when evaluating the pushover curve of the 
retrofitted frame. Nevertheless, the MAF of exceedance is higher than the reference MAF of 
collapse that is targeted by the risk-based design approaches in the US [55]. In Europe, lower 
values of the MAF of collapse are sought for new structures, (about 10-5-10-6 1/year [51], [55].
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Figure 13. Demand hazard curves of the EDPs for the different structural models considered.

In Figure 13b, it is interesting to observe that the curve of the MAF of exceedance of the 
absolute accelerations is very similar for all the models for low acceleration values, below 
9 m/s2. This is because adding the BRBs and the infills to the frame results both in a decrease 
of period, which would increase the acceleration demand, but also in an increase of energy 
dissipation, which on the other hand reduces the acceleration demand. Thus, this type of retro-
fit is not very effective in improving the performance of acceleration-sensitive non-structural 
components. Some improvements in terms of acceleration demand reduction can be observed 
for acceleration value higher than 9 m/s2. More details may be found in [56].

6 CONCLUSIONS 
In this work, a performance-based approach is employed to evaluate the efficiency of the 

retrofitting of an existing RC building with buckling restrained braces (BRBs). In particular, 
an existing reinforced concrete building located in L’Aquila is used as case study. An ad-
vanced non-linear three-dimensional model of the existing RC building is defined in Open-
Sees, and a widely employed procedure based on pushover analyses is used to design the 
braces. Specifically, the bracing system is designed to obtain a retrofitted bare structure that is 
able to withstand the seismic demand associated to the life safety limit state design spectrum 
(return period of 475 years) experiencing a maximum absolute interstorey drift index of 1.5%. 
Successively, the seismic performance of the retrofitted bare building is evaluated by per-
forming both non-linear static analyses and incremental dynamic analyses under a set of real 
ground motion records scaled to increasing seismic intensity levels. Seismic demand hazard 
curves are estimated for the interstorey drifts and other engineering demand parameters. The
spectral acceleration at the fundamental period of the bare or infilled structure for a damping 
factor of 5% is used as intensity measure.

Based on the study results, the following conclusions can be drawn:
- Adding a relatively light BRB brace system to the existing frame results in notable perfor-

mance improvements. In fact the use of the BRBs provides not only an increased ductility 
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capacity to the system, but also a reduction of the softening behavior following the attain-
ment of the peak resistance, as shown by the capacity curves of the analysed models. The 
benefit in terms drift reduction due to the use of BRBs are also evident by observing the 
demand hazard curves for the IDRs. The MAF of exceedance of the 1.5% limit, which is 
considered for the design of the BRBs, is equal to 6·10-4 1/year for the case of the retrofit-
ted frame with no infills, and it is about 1/10 of the corresponding MAF level for the case 
of the bare frame with no BRBs.

- The retrofit with BRBs does not reduce significantly the risk of exceeding absolute accel-
eration demands less than 9 m/s2, but it more effective for higher acceleration levels. Thus, 
alternative retrofit measures may have to be employed if the seismic performance of accel-
eration-sensitive non-structural components has to be minimized.
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