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a b s t r a c t

The search for passive control systems has increased in some high seismicity areas of the world, espe-
cially in terms of the strengthening of existing RC or steel building structures designed without
earthquake-resistance considerations (pre-code structures) or with outdated structural codes. One of
the most promising techniques consists of adding steel Buckling Restrained Braces (BRBs) to the existing
structure. This paper presents an applicability study of these devices in the retrofit of a typical existing RC
pre-code school building structure. The effectiveness of the retrofit solution, initially designed according
to Kasai et al. (1998) formulation, was assessed through non-linear static and dynamic numerical anal-
yses. The results of these analyses, led to the design method being developed with the purpose of opti-
mising the dimensions of the steel dampers at different storeys and therefore improving the structural
performance. This development is based on a simplified method of predicting the response of a passive
system, by devising a single degree of freedom system. The effectiveness of the seismic retrofit solution
designed through the improved design procedure was confirmed, showing that the studied strengthening
solution results in a significant increase in strength, deformation and energy dissipation capacity, thereby
limiting damage in the original structure to admissible levels.

! 2016 Elsevier Ltd. All rights reserved.

1. Introduction

For the past four decades, the research on modern technology
for seismic damage mitigation, such as base isolation and other
passive control systems has been a major issue around the world,
notably in Japan. After the 1995 Hyogo-Ken Nanbu earthquake,
which led to numerous building collapses and costly structural
repairs in the city of Kobe, modern seismic protection systems
quickly grew to replace conventional structural solutions. The pur-
suit of innovative seismic protection solutions and their accep-
tance has also increased in other high seismicity countries and
regions such as the USA and Italy.

The awareness of the consequences of major seismic events
around the world has resulted in a growing concern about the
structural safety of both new and old structures. Given the impos-
sibility of analysing and intervening on all the structures simulta-
neously, it is essential to establish priorities for large-scale seismic
assessment and retrofitting. In this context, public buildings (such
as state school buildings) assume a particular importance.

The need to update the school building stock of state secondary
schools in mainland Portugal led to the creation of state-run enter-
prise named Parque Escolar. One of its functions is to assess the
level of structural safety of existing school buildings, their compli-
ance with current building codes and the need for retrofit interven-
tions. One of the schools chosen for structural retrofitting is
presented as a case study in this paper. The school, Escola Secun-
dária Poeta António Aleixo, is in Portimão, which is a city with
one of the highest seismicity levels in mainland Portugal (actual
reference return period of 475 years, peak ground acceleration on
type A, rock or rock-like, ground of 2.5 m/s2) [1]. The school struc-
ture was designed in the mid-1950s, prior to the enforcement of
the first Portuguese seismic design code (1958).

1.1. Buckling Restrained Braces

Buckling Restrained Braces (BRBs) have proved to be beneficial
in providing resistance against horizontal earthquake ground
motions while simultaneously enhancing the energy dissipation
capacity of both new and existing steel structures. However, their
applicability and effectiveness in RC framed structures is still
uncertain. A relatively large number of different types of BRBs have
been studied, tested and proposed in the past few decades. Regard-
less of detailing differences, they all share the same concept: to
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prevent both global and local (cross-section) buckling in the braces
and allow equal tensile and compressive strength, and thus higher
hysteretic energy dissipation.

The use of BRBs overcomes the typical disadvantages of normal
braces, i.e. the asymmetrical hysteretic behaviour in tension and
compression and the substantial strength deterioration when
cyclically loaded.

The most common configuration of a BRB (Fig. 1) consists in a
steel profile encased in a circular or rectangular hollow section
steel profile, filled with concrete or mortar. The main purpose of
the concrete-filled tube is to prevent the buckling of the steel core
(that entirely sustains the axial force). The steel core-concrete
interface usually consists of a slip surface to allow relative axial
deformations between the steel core and the tube infill. The slip
surface is achieved by placing a low friction material between
the infill material and the steel core. The transversal expansion
of the brace under compressive loads due to Poisson’s effect should
be accommodated providing a gap between the brace and the
encasing material. In addition, the dissipative part of the brace,
which is the zone where yielding occurs, can be replaced by
detaching it from the brace non-yielding segment, which is
retained (e.g., in the aftermath of a major seismic event).

1.2. Codes and regulations

In Japan, BRBs are regarded as dampers and, therefore, are
regarded as a type of passive control system or scheme for seismic
damage mitigation [2].

According to Kasai [3], BRBs became a viable means of enhanc-
ing the seismic performance of buildings with the publication of
the JSCA Specifications in December 2000 and the publication of
the JSSI Manual in October 2003. More than fifty university
researchers, structural designers and engineers from about twenty
damper manufacturing companies were involved in developing the
JSSI Manual. It refers to the various aspects of passive control
schemes, such as the damper mechanism, design, fabrication, test-
ing, quality control and analytical modelling, as well as the analy-
sis, design and construction of passively controlled buildings.

In the USA, BRBs have been code regulated since the release of
NEHRP Recommended Provisions for Seismic Regulations for New
Buildings and Other Structures (FEMA 450-1) in 2003 [4]. This doc-
ument provides specific rules for BRBs and other structural ele-
ments of steel BRB frames, as well as qualifying cyclic tests. As
mentioned in [4], the document’s recommendations for BRBs
should be used in conjunction with AISC Seismic Provisions for
Structural Steel Buildings [5], even though this version of AISC Seis-
mic Provisions did not include any specific provisions regarding
BRBs. It was not until 2005 that AISC Seismic incorporated, in a
later version, provisions for the use of BRBs in steel buildings [6].
However, at the time, no provisions were issued for BRBs in com-
posite steel concrete or reinforced concrete buildings. In Europe,
seismic design codes omit the design of BRBs. However, despite
omitting design and detailing provisions, some codes allow for
the use of such devices in seismic protection. In Italy, the most
recent normative environment is embodied in the NTC’08 [7], com-
parable to the former OPCM3431/05 [8] and in its predecessor
OPCM3274/03 [9]. The NTC’08 allows for the use of anti-seismic
dissipative devices (e.g., braces) in both new and existing struc-
tures, setting forth general design rules and providing for other rel-
evant indications (e.g., compliance tests and installation,
maintenance and replacement related requirements). Moreover,
in 2009 the European Committee for Standardisation (CEN) issued
the European Standard EN15129 [10], which contains provisions
for performance requirements, materials and testing of displace-
ment dependent devices, besides other seismic devices such as
velocity dependent devices and isolators.

As a preliminary conclusion one could state that the use of BRBs
for new steel buildings is reasonably framed by codes and regula-
tions, contrarily to what happens in their use in reinforced con-
crete (or composite) buildings. This remark becomes even more
critical in the retrofit of old, pre-code or low-code, reinforced con-
crete buildings, where the stable energy-dissipation capabilities of
BRBs could provide for a promising retrofitting solution (as long as
the specificities of these structures, such as low ductility and defor-
mation capacity, are properly considered).

2. Review of BRB design procedure

Given the nonlinear nature of its dynamic behaviour, the BRB
design should be based on nonlinear dynamic analysis. On the
other hand, the absence of specific design provisions for BRB use
in retrofitting RC structures indicates that known preliminary
design methods, should be adopted, such as those used for hys-
teretic steel dampers in steel frames (henceforth simply referred
to as dampers). For the purpose of our work, the design method
formulated by Kasai et al. [11] was used. This method is based
on devising a single degree of freedom (SDOF) system that has
the same vibration period as the multiple degree of freedom
(MDOF) of the structure under assessment.

With the exception of the BRBs, which are assumed to have
elastoplastic behaviour, the existing structure should remain in
the elastic domain for the whole duration of the seismic ground
motion. The objective of this premise is that all potential seismic
damage (plastic deformations) is concentrated in the BRBs.

Fig. 2 illustrates the SDOF model devised for a structure with
added hysteretic damper elements. This model is composed of
two sets of springs in parallel, together with another spring placed
in series, connected to a mass M. The set consisting of two springs
placed in series is called sub-system ‘‘a”. Sub-system ‘‘a” represents
the brace-damper assembly added to the framed structure, in
which Kb is the brace non-yielding segment (non-dissipative part
of the BRB) stiffness, Kd is the damper (dissipative part of the

Fig. 1. Traditional BRB configuration.
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BRB in this study) elastic stiffness and ld is the damper ductility
demand, that is the ratio between ultimate and yield horizontal
deformations of the steel damper. In parallel to sub-system ‘‘a”
there is a set composed of a single spring representing the shear
stiffness of the original frame, Kfs. The spring (Kfb), placed in series
with the other sets, represents the bending stiffness of the frame.
Since the horizontal displacements, caused by global frame flexure
are expected to be negligible (particularly in low-rise RC buildings,
due to the high axial stiffness presented by the vertical structural
elements), Kfb can be taken as infinite. The whole set formed by
the added brace-damper assembly and the original frame in shear
is called system ‘‘s”.

BRBs design should aim for the largest response reduction, in
terms of both of displacement and acceleration, which can be
expressed by means of the peak response of the damped system.
For this, the equivalent vibration period Teq and the equivalent
damping ratio neq should be computed. Teq depends on the vibra-
tion period of the original framed structure in shear Tfs, its shear
stiffness Kfs and the equivalent stiffness Keq Eq. (1).

Teq ¼ Tfs "

ffiffiffiffiffiffiffi
Kfs

Keq

s

ð1Þ

Then, Keq, represented in Fig. 3, can be determined through Eq. (2),
with p given by Eq. (3). If Kb =1, l can simply be assumed to be
same as ld. For the purpose of this work, ld has been assumed to
be 7.

Keq ¼
1þ p" ðl& 1Þ

l " Ks ð2Þ

p ¼
Kfs

Ks
ð3Þ

neq is evaluated through Eq. (4), where nf is the damping ratio of the
original framed structure.

neq ¼ nf þ
1
l

Z l

1

2ð1& pÞðl0 & 1Þ
pl0ð1þ pðl0 & 1ÞÞ

dl0

¼ nf þ
2

p" p" l" ln
1þ pðl& 1Þ

lp

" #
¼ nf þ Dn ð4Þ

Eq. (4) shows that the equivalent damping ratio is increased from
that of the original framed structure through a coefficient (Dn) that
depends on the average of the hysteretic damping ratio, with duc-
tility demand l0 varying from 1 (no plasticity) to peak ductility
demand l. The expression inside the integral derives from the con-
sideration that hysteretic damping ratio n0 can be calculated as the

energy dissipated per cycle divided by 4p times the elastic strain
energy obtained from the secant stiffness. Knowing the equivalent
period and damping ratio, we can estimate the peak response of
the SDOF passive system, both in terms of displacement Sd and
acceleration Spa. The peak response can be obtained from a common
linear response spectrum using Teq and neq.

The response reduction is computed as the ratio of peak
responses of system ‘‘s” to those of the original structure (deter-
mined with Tfs, nf and also considering a linear response spectrum),
as expressed in Eqs. (5) and (6) where Spa and Sd are pseudo-
acceleration and displacement spectral values, respectively.

Rpa ¼
SpaðTeq; neqÞ
SpaðTfs; nf Þ

ð5Þ

Rd ¼
SdðTeq; neqÞ
SdðTfs; nf Þ

ð6Þ

The inclusion of dampers in structures has two effects: it
decreases of the vibration period from Tfs to Teq, because of struc-
tural stiffening, and it increases the hysteretic damping from nf to
neq. Based on the consideration of these two effects, the reduction
factors can be expressed differently, making use of a damping fac-
tor Dn, as follows:

Rpa ¼
SpvðTeq; nf Þ
SpvðTfs; nf Þ

"
Tfs

Teq
" Dn ð7Þ

Rd ¼
SpvðTeq; nf Þ
SpvðTfs; nf Þ

" Teq

Tfs
" Dn ð8Þ

Spv represents the pseudo velocity spectrum, while the damper fac-
tor Dn accounts for the hysteretic damping increase and was derived
statistically from ensemble group of 31 earthquakes observed over
vibration periods ranging from 0.2 to 3 s [13], and representing an
average reduction of Sd, Spv and Spa. The proposed formula for the
evaluation of Dn is as follows:

Dn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 25" nf
1þ 25" neq

s

ð9Þ

Assuming that peak acceleration in hysteretic passively con-
trolled systems with elastoplastic dampers peak acceleration is
synchronised approximately with peak (relative) displacement,
then peak acceleration or base shear reduction Ra can be taken as:

Ra ¼ Rpa ð10Þ

The choice of damper elastic stiffness should be based on the
response reduction estimations. Naturally, it depends on the objec-
tives and desired performance. Fig. 4 shows a typical example of an
Ra vs Rd plot, where each point represents a different value of Kd.
Once the value of Kd has been set, it is necessary to convert the
SDOF system into a multiple degree of freedom (MDOF) system,
that is to say, one that determines the total damper stiffness at
each storey. Simplified closed-form formulae ((11) and (12)) can
be used for this. The formulae are based on the following
constraints:

(1) The ratio of damper strain energy to total system strain
energy for the MDOF passive system becomes the same as
that of the SDOF passive system;

(2) Under the design shear force, distributions of drift angle and
ductility demand of the MDOF passive system are uniform,
whilst those of the frame without dampers may be non-
uniform;

(3) The elastic vibration period of the MDOF passive system
becomes the same as that of the SDOF passive system.

Fig. 2. SDOF model (adapted from Castellano et al. [12]).
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Assuming that both storey height and weight are constant along
the building height, identical damper-brace non-yielding segment
assemblies at storey i and Kd =1, constraints 1 and 2 lead to Eqs.
(11) and (12).

Kd

Kd þ Kfs
¼

P
Kd;iP

ðKd;i þ Kfs;iÞ
ð11Þ

Vi

Kd;i þ Kfs;i
¼

P
ViP

ðKd;i þ Kfs;iÞ
ð12Þ

In these expressions, Vi, Kfs,i and Kd,i are, respectively, the shear
force, the shear stiffness of the frame and the damper horizontal
elastic stiffness at storey i. Eq. (13) derives from Eqs. (11) and
(12), allowing the determination of damper horizontal stiffness at
each storey.

Kd;i ¼
Vi

Kfs;i
"
P

Kfs;iP
Vi

" 1þ Kd

Kfs

" #
& 1

" #
" Kfs;i ð13Þ

Finally, the evaluation of the yield forces is necessary so as the
complete preliminary design of the damper. Assuming that base
shear at peak ductility demand in the controlled system is (14):

Ra " Vf ð14Þ

where Vf is the elastic peak base shear of the framed structure, the
yielding base shear Fy of the damper can be determined through Eq.
(15):

Ra " Vf ¼ Fy þ Kfsdyðl& 1Þ ð15Þ

Taking into account Eqs. (3) and (15) can be rewritten as:

Fy ¼
Ra " Vf

1þ p" ðl& 1Þ
ð16Þ

The portion of Fy that is taken up by the damper at storey i is deter-
mined by considering the ratio of damper stiffness to total stiffness
at storey i, as expressed in Eq. (17), where once again Kb,i is taken as
infinite.

Fyd;i ¼
Ra " Vi

1þ p1 " ðl& 1Þ
" Kd;i

Kd;i þ Kfs;i
ð17Þ

Considering that in this case the hysteretic dampers are BRBs,
the elastic axial stiffness of each BRB is obtained by dividing the
values given by Eq. (13) by the number of BRBs per storey and
by cos2 bi, being bi the inclination angle of the BRB at storey i. Anal-
ogous reasoning should be followed for the computation of the
axial yield force of each BRB, dividing by cos bi instead.

The former design procedure was devised for steel frames fitted
with BRBs. The extension to other structural types, namely RC
frame buildings (either new or to be retrofitted) needs to be clari-
fied. Some of the hypotheses underlying the design procedure may
not be valid in this extension. The assumption that the original
structure remains in the linear range conflicts with the highly non-
linear behaviour presented by concrete, even for small strains. Sim-
ilarly, the assumption that, under the design shear force, the drift
angles in a structure with added dampers are constant along the
building height may be unrealistic, particularly in the case where
the distribution of drift angles in the original structure is non-
uniform. Although a uniform drift distribution prior to the yielding
of dampers can be achieved through an accurate choice of damper
elastic stiffness, after that, the structural response might be gov-
erned by the original structure. Moreover, the reduced deformation
capacity of old RC building structures may pose some limitations
and lead to a revision of the presented design procedure.

Fig. 3. Cyclic force-displacement relation conceived for SDOF system and equivalent secant stiffness.

Fig. 4. Example of Ra-Rd plot.
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All these uncertainties were further clarified by the detailed
study presented in the following chapters corresponding to a typ-
ical low-code (or no-code) RC frame building.

3. Case study presentation

The case study consists of a three-storey school building with a
rectangular floor plan, with approximate dimensions of 40 " 17 m,
representing (which fits has consistent representative of) the
buildings that comprise the school complex under study. The lay-
out conforms to the architectural central corridor model with
two lateral rows of classrooms. Four longitudinal nine-bayed
frames, two for the façades and two for the corridor, comprise
the RC structure. There are also two transversal frames at the
extremities. The classroom floors consist of transversely oriented
ribbed slabs, whereas the corridor consists of a solid slab. The col-
umns foundations are usually square or rectangular superficial RC
footings. Smooth steel rebars were used in all structural elements.

The analysis of the design documentation led to the following
conclusions: (i) these school buildings were not designed for seis-
mic loads; (ii) the columns were designed on the assumption that
they would be subjected only to pure centred axial compression.
The detailing and design methods originally considered suggest
reduced resistance and deformation capacity under lateral loads
of the loadbearing vertical elements.

In this study the seismic assessment of the existing and retro-
fitted building was conducted through a nonlinear analytical
model developed using SeismoStruct software [14]. All beam-
column joints were assumed to be monolithic, while the columns
were considered to be pinned at their base due to poor reinforce-
ment of the column-footing joints. The inelastic behaviour of the
RC elements was established at cross-section level, with nonlinear
models being used for each of the materials i.e. reinforcing steel
and concrete (core and cover). With respect to the nonlinear beha-
viour of concrete, the constitutive relation proposed by Mander
et al. [15] and revised under the rules for cyclic degradation pro-
posed by Martínez-Rueda and Elnashai [16], was adopted. Mander
et al. [15] proposed a unified stress-strain approach for confined
concrete with monotonic loading at slow strain rates, applicable
to both circular and rectangular transverse reinforcement. Apart
from the influence of the confinement of concrete provided by ties
and stirrups, only the uniaxial behaviour of materials was
modelled.

The model adopted for the nonlinear behaviour of reinforcing
steel uses the stress-strain relation proposed by Menegotto and
Pinto [17], together with an isotropic hardening rule proposed by
Filippou et al. [18] and the post-elastic buckling rules proposed
by Monti and Nuti [19]. This model features an additional memory
rule proposed by Fragiadakis et al. [20] that ensures greater
numerical stability and accuracy under transient seismic loading,
calibrated for smooth reinforcing bars [21].

4. Pushover analysis results

A static pushover analysis was performed with a nonlinear
model, featuring BRBs placed in all bays of both facades in a chev-
ron configuration (Fig. 5).

The pushover analyses were performed incrementally under
force control, considering a lateral load pattern based on the pro-
duct of the fundamental mode shape displacements at storey levels
by the corresponding masses. These analyses were preceded by the
application of the vertical loads (dead and fraction of the live
loads). The computation of the performance point was achieved
using the capacity spectrum method, as presented in ATC 40 [22].

Only the results of BRB design for the longitudinal direction
analysis are presented. The incremental lateral forces were applied
as shown in Fig. 5.

The mechanical characteristics of the BRBs designed as previ-
ously described are presented in Table 1, while the corresponding
dimensions are shown in Table 2.

In an initial stage, the structural retrofitting solution featured
only BRBs placed in the corner bays of the building. However, this
configuration had to be discarded due to the significantly high
uplift forces imposed in adjacent columns and foundations. Hence,
the number of BRB was successively increased until the uplift
forces were within acceptable values, leading to BRBs in all periph-
eral bays. Furthermore (and despite not having been checked) the
spatial dissemination of the BRBs is favourable to the horizontal
compatibility forces that have to be transmitted though the slab
and beam structural elements.

The constitutive relationships for BRBs yielding (dissipative)
segments were based in the Menegotto-Pinto steel model with
Monti-Nuti post-elastic buckling (and modifications introduced
by Fragiadakis), as included in Seismostruct [14]. The slenderness
ratio, L/U, which determines the (in this case limited) extent of
buckling was taken as 5 (L andU are, respectively, the longitudinal
distance between equivalent intermediate supports preventing lat-
eral deflection and the cross-section dimension).

Fig. 6 presents the capacity curves obtained through pushover
analysis conducted on the models of the original structure with
and without BRBs.

The red1 "marker represents the performance point, determined
by the capacity spectrum method described in [22], considering the
elastic response spectrum prescribed in NP EN 1998-1 [1] with a
spectral acceleration value of 3.9 m/s2 for null periods, correspond-
ing to a return period of 821 years (importance class III). The perfor-
mance point corresponds to a top storey displacement D = 12.8 cm
and base shear Fb = 3926.7 kN. Since the third storey is 10.6 m above
ground, a top storey displacement of D = 12.8 cm corresponds to a
global drift angle h = 0.0121 rad.

This value meets the structural performance level designated by
Damage Control in [22], which is considered to be satisfactory.
However, after early yielding of the BRBs, the drifts become non-
uniform, with deformations mainly concentrated in the most flex-
ible storey, which in the present case is the first one (where col-
umns are pinned at their base). Naturally, this results in
exceptionally high ductility demands l for the BRBs of the first
storey, as shown in Table 3.

Table 4 presents the relative horizontal displacements dr and
the corresponding drift angle h at the performance point (top
storey). Although the drift angles of second and third storeys are
very small, the first storey drift is unacceptable according to the
standards in [22].

The significantly low capacity curve of the original structure is a
consequence of the lack of seismic design provisions in the stan-
dards applicable at the time of construction (leading to abnormally
low values of both lateral stiffness and strength). More specifically
and concurrently, the use of limited capacity materials (particu-
larly concrete) and outdated design and detailing rules – the col-
umns were designed for pure axial compression, considered
pinned at their base, with large stirrup spacing and insufficient
anchorage of the rebars at the beam-column joints –which also
serves as justification for the characteristics of the capacity curve.

1 For interpretation of color in Fig. 6, the reader is referred to the web version of
this article.
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5. Revision of design procedure

In order to overcome the non-uniformity of storey drift, which
in our case results in damage concentrated in the first storey, an
additional step in design procedure formulated by [11] is proposed.

Ideally, because yielding of BRBs in the most flexible storeys is
delayed, drifts should become uniform at the performance point.
The yielding of BRBs in storey i can be delayed by using an over-
shoot factor cI for the yield strength of the BRB. The computation
of ci is based on the assumption that the force-displacement rela-
tion in each storey is bilinear, as in [11]. Accordingly, the relative
displacement of storey i at the performance point, Di, is given by
Eq. (18), where Fy,i and Fi are, respectively, the shear forces for
yielding and performance points of storey i.

Di ¼
Fy;i

Ks;i
þ Fi & Fy;i

Kfs;i
ð18Þ

The overshoot factor ci can be determined by imposing equality
between the modified drift of storey i, Di(ci), and the desired drift
value Dd. The performance point Di(ci) is given by Eq. (19), similar
to Eq. (18), accounting for the increase of BRB yield strength Fyd,i.
The value of Fi,new, is given by Eq. (19).

As ci is obviously unknown, Fi,new can only be determined by
taking into consideration the shear force corresponding to Dd at
a reference storey r and knowing the ratios between storey shear
that correspond to a uniform distribution of drift.

Assuming an inertial force distribution proportional to the pro-
duct of storey mass and to the corresponding displacement in the
fundamental mode of vibration, the ratios between storey shear
forces for a uniform distribution of storey drift become propor-
tional to the product of storey mass and storey height above
ground.

However, by defining Cir as the ratio between the shear force at
storeys i and r, assuming a uniform distribution of drifts, and
assuming Fr the shear force corresponding to Dd at storey r, Eq.
(19) can be rewritten with CirFr instead of Fi,new.

Taking Dd as the reference storey drift at the performance point
given by Eq. (18) where index i = r, and equalising it to Di(ci), ci,
results in Eq. (21).

Since the ductility demands of BRBs in the second and third
storeys were similar (see Table 3), we introduced a simplification.
Deeming the drifts of these two storeys to be equal at the perfor-
mance point, the overshoot factor c was only computed for the
yield strength of the first storey BRBs. The storey taken as reference
was storey two. However, instead of second floor Fr, the base shear
Fb was considered. Moreover, since Kd,1/Ks,1 = 0.96, for simplifica-
tion purposes, Fyd,1 was considered to be equal to Fy,1. Thus, c

Fig. 5. Numerical model.

Fig. 6. Capacity curves of original structure and structure retrofitted with BRBs.

Table 3
Ductility demands for
BRBs at each storey.

Storey l

1 16.01
2 2.05
3 2.23

Table 1
Total horizontal BRB stiffness and yield force at each storey.

Storey Kd (kN/m) Fyd (kN)

1 719,023 3394
2 535,333 2506
3 244,574 1125

Table 2
Cross-section area and length for each BRB at different storeys.

Storey A (cm2) L (m)

1 5.05 1.40
2 3.66 1.41
3 1.64 1.39

Table 4
Storey drift, heights and drift angles.

Storey dr (m) h (m) h (rad)

1 0.099 3.6 0.0274
2 0.014 3.5 0.0040
3 0.015 3.5 0.0044
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was determined through Eq. (22), where base shear at the perfor-
mance point is Fb = F1.

DiðciÞ ¼
Fy;i þ Fyd;iðci & 1Þ

Ks;i
þ
Fi;new & ½Fy;i þ Fyd;iðci & 1Þ(

Kfs;i
ð19Þ

Fi;new ¼ Dd &
Fy;i þ Fyd;iðci & 1Þ

Ks;i

$ %
" Kfs;i þ Fy;i þ Fyd;iðci & 1Þ ð20Þ

ci ¼
1

Fyd;i
1
Ks;i

& 1
Kfs;i

& '

" Fr þ Fyrðpr & 1Þ
Kfs;r

&
Fy;i & Fyd;i

Ks;i
&
CirFr & Fy;i þ Fyd;i

Kfs;i

$ %
ð21Þ

c ¼
Kfs;i
Kfs;2

½C21Fb þ Fy;2ðp2 & 1Þ( & Fb
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Considering Fb = 3926.7 kN, which resulted from the previous anal-
ysis, expression (22) gives c = 1.078. Assuming that the increase of
the first storey BRBs yield strength is equal to the increase of Fb (the
increase of yield drift is small), an increased value of base shear at
the performance point Fb can be estimated. Through Eq. (23), where
Fyd,1 is the originally determined total horizontal yield force of first
storey BRBs and using Fb in Eq. (21) instead of Fb, gives c = 1.132.

Fb ¼ Fb þ ðFyd;1 " c& Fyd;1Þ ð23Þ

Repeating the pushover analysis, taking the yield strength of
first storey BRBs increased with c, a new capacity curve was deter-
mined (Fig. 7). As expected, for the same displacements the base
shear increased in relation to the capacity curve shown in Fig. 6.
The new performance point corresponds to a top storey displace-
ment D = 12.2 cm (smaller than that previously obtained) and
Fb = 4329.6 kN. As shown in Table 5, the ductility demands level
out and become closer to ld = 7 considered in the design, and the
interstorey drift results also became more uniform (as shown in
Table 6), as the second and third storey drifts increased and the
first storey drift decreased. In terms of performance, the drift val-
ues obtained meet the standards of Damage Control with a wide
margin.

6. Nonlinear dynamic analysis results

Three artificial accelerograms, named A, B and C were generated
according to Portuguese standard [1] (national version of Eurocode
8 [23], taking into account local seismicity studies). These artificial
accelerograms were generated considering the provisions of Euro-
code 8, namely those stated in clause 3.2.3.1.2, i.e., so as to match
the elastic response spectrum given in clause 3.2.2.2 for 5% damp-
ing, and, in this specific study, importance class III, ground type C
and type 1 earthquake. The duration of the accelerograms was
approximately 40 s because the provision of the Portuguese
National Annex of [1] specifies that the minimum duration of the
stationary part should be 30 s. The artificial accelerograms were
applied in the longitudinal direction only, in such a way as to allow
for a more immediate comparison with the pushover analysis
results.

Three analyses were considered, each with a different artificial
accelerogram (A, B and C). The most unfavourable results drawn
from the three analyses were taken as the action effects. According
to [23], two conditions needed to be met by the chosen artificial
accelerograms. The first condition is that the mean value of spec-
tral acceleration for null periods should not be less than ag " S.
In our case study, ag " S = 3.90 m/s2, whereas the mean value of
spectral acceleration for T = 0 s is Sa = 4.34 m/s2, meaning that the

first condition is met. The second condition was that for period val-
ues ranging from 0.2T1 and 2T1, with T1 being the period of the fun-
damental mode of vibration, no value of the mean response
spectrum (resulting from the three artificial accelerograms) should
be less than 90% of the corresponding value of the response spec-
trum provided by the code with 5% damping. In our case,
T1 = 0.364 s, thus:

0:2T1 ¼ 0:0728 s
2T1 ¼ 0:728 s

(

The response spectra for the artificial accelerograms, the mean
response spectrum and the elastic response spectrum of [1]
reduced to 90%, are shown in Fig. 8.

Additionally, these dynamic analyses assumed an overshoot
factor of c ¼ 1:132 for first storey BRB yield strength.

Fig. 9 shows overall peak and maximum residual interstorey
drifts arising from the application of accelerograms A, B and C, at
each storey. This figure shows that while accelerogram A caused
the largest drifts in first and third storeys, the largest drifts in
the second storey were caused by accelerogram B.

The performance levels were checked and categorised in terms
of the inter-storey drifts (global lateral deformation). The limit
inter-storey drifts considered were those suggested in ATC 40,
table 11-2. More specifically, Damaged Control level limits were
a maximum total drift (h) lying in the 0.01–0.02 radians interval
and maximum inelastic drift (hinelas) in the 0.005–0.015 rad inter-
val, whereas for Immediate Occupancy the limit values were of
0.01 and 0.005 in the same order.

These results confirm that the structure meets the Damage Con-
trol level, since interstorey drift angles never exceed 0.02 rad.
However, the second and third storeys drifts have very low peak
values and for that reason meet the Immediate Occupancy perfor-
mance level.

However, the residual plastic deformation values, expressed by
the drift h at the end of the loading period, lie within the Damage
Control range as well. Therefore, the overall structural performance
only meets the Damage Control level, since structural performance
is mainly conditioned by the behaviour of the first storey.

The results of the dynamic analysis performed on the analytical
model of the retrofitted structure are presented in Table 7 and
Fig. 10. They show that the deformations in the second and third
storeys have decreased while the deformations of first storey have

Fig. 7. New capacity curve.

Table 5
Ductility demands of
BRBs at each storey.

Storey l

1 5.72
2 6.22
3 6.96
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increased, even with the use of the overshoot factor for the yield
strength of first storey BRBs. This means that a significant concen-
tration of deformation in the first storey still occurred. This may be
because of the variation of inertia forces distribution, which was
not considered either in static pushover analysis or in the formula-

tion of the overshoot factor. Furthermore, the increase in inertia
forces associated with the first storey, following the yielding of
the BRBs, is compounded by cyclic degradation model considered
for RC elements under transient loading. In this case, the impor-
tance of the cyclic degradation model is more significant, given
the lengthy duration of the accelerograms.

Nonetheless, the observed overall structural performance was
still satisfactory and within expectations. The observation that
the results vary according to the accelerogram and the RC cross-
sections behaviour model, demonstrates how difficult it is to pre-
dict the response of an RC structure retrofitted with BRBs, when
subjected to ground motion. However, these results also indicate
that consideration of the overshoot factor could be a good design
procedure when this type of device is used in structural retrofit-
ting. Table 7 summarises the peak values of top storey displace-
ment. These values are substantially lower than those obtained
through the static pushover analysis (12.2 cm). This fact might be
related to the cyclic degradation of the RC elements used in the
dynamic analyses.

Analogously to the representation of top storey displacement,
Table 8 shows the respective peak base shear values, which, in
spite of scatter, are close to that obtained through pushover
analysis.

7. Conclusions

The results of the analyses indicate that BRBs can be used as an
effective way of increasing the seismic performance of RC struc-
tures, particularly existing structures that do not comply with cur-
rent codes. However, the use of such devices is mostly restricted to
steel framed structures. In fact, the existing standards for BRBs are
mainly American or Japanese, and the design procedures described
in them are mostly applicable to steel building structures. How-
ever, European standards still fail to provide any BRB design guide-
lines, despite mentioning passive control systems (BRBs in
particular) as viable anti-seismic devices.

A simplified method for predicting the response of damped RC
structures has been studied and employed in the preliminary
design of a retrofitting scheme, using BRBs in a three-storey RC
school building located in a high seismicity region of Portugal.
Despite providing a significant increase in strength and capacity
for sustaining lateral deformations, the results have indicated an
important flaw in the method. After the early and almost simulta-
neous yielding of the dampers in all three storeys, lateral deforma-
tions were concentrated in the most flexible storey, which in this
case is the first one, where columns were assumed to be pinned
at their base. This resulted in excessively high ductility demands
for the BRBs in the first storey and very small ductility demands
for those in the upper storeys, which is a consequence of the clearly
non-uniform distribution of interstorey drifts.

To overcome this flaw, an additional design step is proposed.
This consisted of adopting an overshoot factor for the yield
strength of the BRBs located in the most flexible storey. Based on
a simple reasoning, a closed-form formula for this overshoot factor
has been derived and presented. The implementation of the pro-
posed overshoot factor modification was proven to attain the

Table 6
New relative displacements heights, total and inelastic drifts
angles at each storey.

Storey dr (m) h (m) h (rad) hinel (rad)

1 0.038 3.6 0.0106 0.0088
2 0.039 3.5 0.0112 0.0094
3 0.045 3.5 0.0128 0.00109

Fig. 8. Response spectra for accelerograms A, B and C, mean accelerogram and EC8
response spectrum reduced to 90%.

Fig. 9. Peak interstorey drifts resulting from each accelerogram (rad).

Table 7
Peak interstorey displacement
resulting from each
accelerogram.

Accelerogram D (cm)

A 8.5
B 7.4
C 6.6

Fig. 10. Peak and residual interstorey drift angles at each storey (rad).
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required objective of uniform inter-storey drift distribution at per-
formance point.

Using this overshoot factor led the subsequent pushover analy-
sis to show significant improvement in the structural performance
of the building under study, confirming the effectiveness of the
overshoot factor concept.

Afterwards, nonlinear dynamic analysis confirmed that the
strengthened structure met the Damage Control level, however
strongly conditioned by the behaviour of first storey columns.
These columns were modelled as pinned at their base because of
the very limited strength of the foundations. Regarding residual
plastic deformations, the values given by the three accelerograms
were within the range of Damage Control deformations as well.
These values might possibly have been lower if the ductility con-
sidered in the design of BRBs had been lower too, although at the
expense of a potential decrease of energy dissipation. However,
reducing residual plastic deformations by decreasing BRB ductility
demand is only a possibility.

The use of the overshoot factor modification in the design of the
ground storey BRBs led to a more uniform distribution of ductility
demands in the BRBs along the height of the building and thus, to a
more linear interstorey drift, therefore postponing the soft storey
formation at the ground storey. In fact, the most important benefit
of this design modification is the possibility of compensating the
uneven distribution of either stiffness or strength along the height
of the building by establishing adequate BRB yielding values for
each storey.

The variability of the results from the different nonlinear anal-
yses (Static and Dynamic) might be explained by the variability of
the employed accelerograms (and long duration), by the complex-
ity in modelling the material cyclic behaviour and also by an overly
conservative estimate of the hysteretic damping ratio in the push-
over analysis. All these problems demonstrate how difficult it is to
predict seismic structural responses in the nonlinear range and the
difficulty in the design of ideal damping systems.
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