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Abstract: Braces equipped with dissipative devices are among the most widespread methods for
the seismic strengthening of seismically prone reinforced concrete (RC) frames. It allows for high
reductions in seismic vulnerability with inexpensive, quickly executed interventions. They can often
be carried out mainly at the exterior, resulting in interruptions of use that are limited both in time and
to only small portions of the building. The design methods of dissipative devices are based on the
extensive use of pushover analyses (POA). POA is capable of highlighting the structural deficiencies
of the building and comparing the performances of design performed according to different methods
and sizing criteria. In the present work, with reference to a case study represented by a four-story
spatial frame having characteristics representative of design and construction common practice of
the 1970s in Southern European countries, the performances of three different design methods were
evaluated and compared. The examined procedures differ, including the following: (i) methods for
estimating the peak displacement response of the nonlinear systems, namely (i1) the well-known
equal displacement rule and (i2) the equivalent (secant) stiffness and damping rule, and (ii) criteria
for distributing stiffness and strength of the braces along the height, namely (ii1) the distribution of
stiffness and strength proportionally to those of the frame and (ii2) methods that vary the stiffness
and strength along the height in order to minimize the eventual irregularity in elevation of the bare
frame. The effectiveness of the procedures was checked by both POA and nonlinear response history
analysis, the latter performed assuming both unidirectional and bidirectional input. The stiffness was
found to increase by about 10 times and the strength between 7.5 to 3.7 times depending on the design
method, and reduction in the displacements ranged between 31% and 42% compared to the values of
the original frame. The pros and cons of each procedure are summarized, as all procedures are able
to provide brace designs that meet the performance requirements set during the design phase.

Keywords: seismic retrofit; dissipative braces; design methods; direct displacement method;
force-based design; behavior factor

1. Introduction

The seismic design principles introduced with capacity design method have high-
lighted the need to seismically adapt many of the reinforced concrete frames designed
in the 1960s and 1970s without earthquake-resistant design rules. Seismic strengthening
techniques are very diversified [1]. Thus, the choice of intervention technique must be
made in relation to the characteristics and weaknesses of the structure to be retrofitted [2].

For structures designed with anti-seismic design criteria that are now outdated, local
interventions are often sufficient, such as shear reinforcement of nodes [2–5], beams, and
columns [6–9]; confinement interventions in the critical regions where plastic hinges can
take place [10,11]; increase in column sections through jacketing [12]; and connection and
strengthening of non-structural elements such as infill panels [13]. When the structure as
a whole has insufficient stiffness and resistance to horizontal actions, the use of braces is
often chosen as a strengthening solution [14–17]. When the structure is equipped with
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construction details that are insufficient to avoid loss of resistance due to seismic actions [18]
as well as adequate cyclic ductility and dissipative capacity, the introduction of passive
energy dissipation systems is one of the most common solutions [19–26]. The combination
of these two last strategies, namely the use of dissipative braces, constitutes one of the most
effective techniques, as demonstrated by the numerous applications throughout the world
since the end of the 1980s [27,28].

A comprehensive review of passive energy dissipation systems in steel braces was
reported in [29], where a section dedicated to evaluating seismic retrofitting techniques
can be found. The review highlighted that, in strengthening any existing structure, a
preliminary assessment of the whole weakness of the structure is mandatory [30,31]. The
use of dissipative braces aims at providing the increment of stiffness and resistance that
characterizes the strengthening method based on the insertion of braces in MRFs as well
as large and stable energy dissipation capacity, which characterizes the cyclic behavior of
dissipative devices.

It is noteworthy that braces design must take into account the risk of an excessive
increase in axial load in the columns and in the actions transmitted to the foundation. In
this context, the use of braces with hysteretic or friction dissipative devices or buckling
restrained braces allows to overcome the above-mentioned problems since the stiffness and
resistance of the braces can be tuned separately [32–35]. Braces equipped with hysteretic
dissipative devices can significantly reduce inter-story drifts and dissipate large amounts
of energy, preserving the frame elements from plasticization and damage accumulation
due to repeated ground motions, which usually affect RC moment-resistant frames [36–38].

In this field, since the 1980s, dissipative braces design techniques have been proposed,
exploiting the evolution of the method for predicting the seismic response of framed struc-
tures. Efficient design procedures have been established, aimed at solving the main issues
that arise during the design phase: choice of the performances that must be guaranteed,
design of the global values of stiffnessand resistance of the braces, distribution of stiffness
and resistance of the braces in elevation and in plan (this issue is critical for in-elevation
or in-plan irregular structures), and executive design of individual braces and dissipative
devices in relation to the specific characteristics.

With reference to the performances to be guaranteed, given the high stiffness and
the large dissipation capacities that dissipative braces are able to guarantee, from the
first formulations [32] to the more recent ones [19,20,22,39,40], the braces are designed to
avoid the plasticization of the elements of the pre-existing frame and the damage of the
non-structural elements.

Regarding the formulation of the first methods [32], in almost all procedures, an
equivalent SDOF is used for the evaluation of the global stiffness and the resistance to be
assigned to the bracing systems. In this regard, recent seismic codes [41–43] provide two
procedures for estimating the peak displacement response of the nonlinear systems, namely
the well-known equal displacement rule (EDR1) (suitably modified in the field of rigid
structures) and the “substitute structure procedure” proposed by Shibata and Sozen [44],
according to which the displacement of a nonlinear MDOF structure is estimated, consis-
tently with the equivalent linearization technique [45], by evaluating the peak displacement
of an elastic SDOF with equivalent damping and (secant) stiffness. The latter procedure is
denoted in the following as ED2.

Regarding the distribution of stiffness and resistance in elevation and plan, there are
two most-followed approaches: distributing stiffness and resistance proportionally to the
characteristics of the structure to be strengthened [22,46] and distributing stiffness and
resistance in such a way as to correct the irregularities in plan and elevation that are present
in the structure [19,20,47,48].

In this context, several researchers implemented the direct displacement-based design
(DBD) procedure [49–58] to design the dampers. The procedure proposed by Kim and
Choi [49] resembles the capacity spectrum method. In this approach, a performance point
is evaluated as the point where the displacement demand of the structures coincides with
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their plastic deformation capacity, by means of the acceleration displacement response
spectrum. To evaluate the required damping to meet the target displacement criteria,
instead of using a random hit-and-trial method, the damping is calculated as the difference
between the effective damping and the damping provided by the structure. In the case of
hysteretic dampers, iterations are necessary because incorporating the devices increases
the structure’s stiffness, which ultimately increases the overall stiffness. The procedure
was applied to 10-story and 20-story buildings, and the results demonstrate the method’s
effectiveness, as the structures modeled using this approach had maximum displacements
equal to the target displacement.

Changing the performances that must be guaranteed, Bergami et al. [40] elaborated a
technique based on capacity spectrum characterized by two design aims: avoiding both any
structural and non-structural damage, the latter achieved by limitation of the base-shear.

Mazza and Vulcano [51] proposed a design method based on the DBD of dissipative
braces, aiming at controlling the inter-story drift. The braces are designed at each story by
means of the proportional stiffness criterion (PSC), in which the selected stiffness of braces is
proportional to that of the unbraced frame. To this aim, an iterative approach was adopted
to assign the ratio of these stiffnesses depending on the strength of the unbraced frame.

Di Cesare and Ponzo [20] developed a procedure to design the mechanical character-
istics of dissipative braces for RC structures, assuming the displacement on the top story
as a control parameter. Initially, the PSC is assumed. Then, the stiffness and strength of
each story is modified to control the inter-story along the height of the building in order
to comply with the in-elevation regularity criteria of the seismic codes. The procedure
was applied to different case studies. From the results, it was found that the hysteretic
energy dissipative braces were effective to obtain the required performance of the structure,
confirming the efficiency of the proposed method. The method also highlighted criteria to
avoid unnecessary overloading on structural members.

Barbagallo et al. [59] developed a design method for seismic retrofitting of existing
RC frames through a hybrid force–displacement based design method. RC frames with
different deficiencies were analyzed, namely frames designed to withstand gravity load
only, frames with low-strength concrete, or frames designed for a low-seismicity area. The
method aims at providing, by means of an iterative procedure, a direct control of inter-story
drift, ductility demands, and minimum shear strength to accomplish the requirement at the
serviceability limit state. To this aim, optimal values of the behavior factor were selected,
and the ratio of lateral strength to seismic shear demand constant along the height of the
frame were assumed.

Ferraioli and Lavino [21] proposed a design method aiming at improving the pro-
cedure of Mazza et al. [19], established on displacement-based design (DBD) by using
the capacity spectrum method. The paper addressed some critical points that were not
incorporated in the previous methods: dissipative braces and frame interaction, which
produces an increment of the axial load in the columns with consequent decreasing of
the available ductility; torsional effects in asymmetric buildings; potential activation of
soft story mechanisms; effect of the modification of the first modal shape and therefore
of the corresponding distribution of seismic forces along the height of the frame due to
the modification of the resisting system from moment-resistant frames (MRFs) to concen-
tric braced frames (CBFs); and effects of the higher vibration modes in high-rise frames.
The proposed procedure is divided into two parts: The first one concerns the design of
dissipative braces; in the second pert, the position and properties are defined, varying the
design force pattern to incorporate the higher mode contributions. Adaptive pushover
analysis is advised to accurately estimate the displacement demand and ductility demand
distribution. To check the validity of the design method, nonlinear time history analysis
was performed on a 2DRC frame and then on a real school building. The results showed
the effectiveness of the method in addressing the aforementioned issues. It was also found
that the procedure is able to distribute the damper stiffness and strength properly along



Buildings 2024, 14, 3256 4 of 31

the height of the structure and thus gives uniform story drift distribution, resulting in the
reduction in inter-story drift.

Bruschi et al. [22] proposed another procedure for the seismic upgrading of a structure
using dissipative braces based on the concept of the equivalent elastic high-damped SDOF
system, which has equivalent viscous damping and secant stiffness at the performance
point, similarly to what that of [49]. Initially, a step-by-step procedure is performed to
evaluate the global properties of the damped bracing system. Thus, the capacity curve
of the frame is determined by means of pushover analysis; then, a target displacement
is identified, and a tentative equivalent SDOF bilinear curve of the braced frame is con-
structed. Afterward, an iterative procedure is used to find the equivalent viscous damping
ratio of the damped brace system together with the actual final stiffness and strength of the
damped braces. The final configuration is found when the braced frame seismic demand
matches the required target displacement on the damped acceleration displacement re-
sponse spectra. Once the global parameters of the equivalent SDOF are found, the stiffness
and strength of the braces are distributed along the height of the structure proportionally to
the characteristic of the frame to be strengthened. Lastly, the damped braces are positioned
within the story of the structure.

Recently, Monti et al. [60] proposed a DDB non-iterative procedure for gravity-load-
designed reinforced concrete frames. The procedure aims at limiting the inter-story drifts
and avoiding damage in the RC columns by a simplified modeling of the existing frame
through so-called stick models. The optimal sizing of the braces and the equivalent viscous
damping are found by equivalent linearization of the behavior of each story. Moreover,
independent checks of local fragile mechanisms, namely beam and column shear collapse
and premature collapse of the beam–column joints, are always required in order to prevent
local mechanism that could defeat the efficiency of the strengthening method.

In the following sections, through a case study represented by a four-story spatial
frame having characteristics representative of design and construction common practice of
the 1970s in Southern European countries, the effectiveness of two of the aforementioned
procedures are compared with a simpler one, based on the principles of current seismic
codes. The latter pursues performance-based design through the force approach, with the
control of the displacement demand.

In detail, the two procedures that are compared are the one proposed by Di Cesare and
Ponzo [20] (DCP), based on the equal displacement rule EDR1, and the procedure proposed
by Bruschi, Quaglini, and Calvi [22] (BQC), based on the equivalent damping approach ED2.
These two procedures are chosen because, in addition to their characterization by a balance
between the simplicity of the method and the effectiveness of the resulting design, they also
(i) use the two different above-mentioned methods for the estimation of the displacement
required by the earthquake and (ii) use different criteria to design stiffness and strength of
the braces at each story, namely the BQC method designs the stiffness and strength of the
braces along the height, proportionally to those of the structure to be strengthened (SRPC),
while the DPC method provides for a brace modification only if the strengthened structure
does not satisfy the criteria of regularity in height of the regulatory codes.

The third method presented in the current research study, denoted as the CAD method,
works with a hybrid approach for required displacement assessment and is developed
aiming to obtain a uniform inter-story drift.

2. Design Methods

Most of the design methods for retrofitting frames by dissipative braces integrate the
pushover analysis of the multi-degree-of-freedom (MDOF) model of the bare frame (BF)
with the response spectrum analysis of an equivalent single-degree-of-freedom (SDOF)
system to estimate the initial global nonlinear displacement response of the frame to be
strengthened. Then, the global strengthening dissipative system parameters are designed
by setting a required performance goal, usually identified with a maximum total drift.
Then, the global parameters of the SDOF-braced frame are converted into those of the
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corresponding MDOF, and the stiffness and the strength of the braces are distributed in plan
and in elevation, according to different criteria. Among the main issues that characterize
the design phase, here, attention is focused on two that distinguish the procedures in
the literature: the method for the evaluation of the characteristics and the displacement
demand of the SDOF equivalent system and the criteria and the methods used to distribute
the stiffness and strength of the braces in elevation. In the following section, the DCP and
BQC methods, which exemplify the two main strategies applied in literature, are compared
with a very simple and straightforward method (CAD), in which some details that assume a
paramount relevance in determining the response of the system are clarified and discussed.

2.1. Di Cesare and Ponzo Method (DCP) [20]

This method, according to the prescription of EC8 [41,42], is characterized by the
modeling of the equivalent SDOF by an elastic–perfectly plastic system (post-yielding
stiffness k*H = 0), with elastic stiffness k* corresponding to the secant stiffness at 60% of
the maximum base shear of the actual MDOF (stiffnesses of MDOF and corresponding
SDOF are equal). The strength is evaluated by ensuring that the area under the actual
pushover curve is equal to the area under the equivalent elastic–perfectly plastic curve,
as prescribed in [43]. Aiming at determining the displacement demand of the nonlinear
system, initially, an elastic-equivalent SDOF is defined, which embodies the dynamic
characteristics of the first vibrating mode of the actual MDOF system. Then, the equal
displacement rule (Figure 1b), i.e., displacement demand of nonlinear SDOF d*max equal to
the displacement demand of elastic SDOF d*

el, is used for SDOF, having period of vibration
T* > Tc (with Tb and Tc being the starting and the ending abscissa of the flat branch of
the pseudo-acceleration response spectrum that characterize the input). The conservative
equal energy rule [53,54] is assumed for T* < Tc. According to the latter assumption,
the elastic displacement demand is amplified by a coefficient α, i.e., d∗max = d*el α, with
α = (q*2 + 1)/(2q*) being derived by the equal energy criteria between the static represen-
tation of the response of elastic and elastic–perfectly plastic system (α = 1 for T* > Tc).
Regarding the distribution of the stiffness and strength of the dissipative braces along
the elevation of the structure, the initial tentative brace stiffness is proportional to the
elastic stiffness of the bare frame. Corrections are imposed if the ratio of total stiffness
of two consecutive floors Ki,DBF/Ki+1,DBF exceeds 0.3 or is less than −0.1 and if the ratio
∆ρi = ρi/ρi-1 is not in the range 0.8 ≤ ∆ρi ≤ 1.2, ρI = Vi,DBF/Vi,design, with the ratio between
the i-th story being the total strength of the dissipative braced frame and the design story
shear. Thus, the procedure ensures that the stiffness and strength are distributed along the
elevation of the braced building according to seismic code regularity criteria [43], consistent
with the criteria in [41]. This aims at a uniform distribution of displacements and controls
the maximum inter-story drifts to stay within target limits.

Thus, according to the flow chart in Figure 1a, the first step in this procedure is
to determine the mechanical characteristics of the equivalent SDOF system for the bare
structure. Capacity curves for both main directions of the building are obtained using
pushover analysis. The structure’s idealized elastoplastic force–displacement relationship is
defined using the following parameters: the SDOF equivalent mass m*= ∑n

i=1 miϕ1,i, where
mi is the story mass of MDOF, and ϕ1,i is the eigenvector of the first mode
in the relevant direction normalized with respect to the top-story component, and
Γ1,BF = (m∗/ ∑n

i=1 miϕ
2
1,i).

Thus, equivalent SDOF force F* and displacement d* parameters are obtained from
the attendant values of the actual MDOF parameters by division for the first-mode trans-
formation factor Γ1,BF, i.e., yield force (F*y = Vby/Γ1), yield displacement (d*y,BF = dy,BF/Γ1),
and ultimate displacement d*u,BF = du,BF/Γ1, as detailed in Annex-B of [45]. The elastic
stiffness (k*BF = F*y,BF/d*y,BF) or maximum ductility (µ*BF = d*u,BF/d*y,BF) are the same as
the equivalent SDOF and actual MDOF.
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Figure 1. DCP design method. (a) Flowchart; (b) equivalent bilinear curves.

Step 2 involves evaluating the properties of the equivalent SDOF system of the dissi-
pative braced frame. An iterative procedure should be performed separately for each main
direction. The dissipative braces (DB) system is idealized as an elastoplastic system defined
by the yield force (FDB), elastic stiffness (kDB), and design ductility (µDB). Given a maximum
target displacement d*max,DBF for the equivalent SDOF system of the braced frame DBF
under the basic design earthquake (BDE), the target ductility µ*T,BF of the existing bare
frame (BF) is defined by the following:

µ∗
T, BF =

d∗max,DBF

d∗y,BF
≤ µ∗

BF (1)

If the design goal for the structure is to remain elastic (µ∗T,BF = 1), then d*max,DBF must
be less than or equal to d*y,BF. Otherwise, if a limited inelastic capacity is allowed, the target
ductility (µ∗T,BF) can range from 1.5 to 3, depending on whether the mechanism is brittle or
ductile, respectively. In this case, d*y,BF < d*max,DBF ≤ d*u,BF.

A design ductility µDB for the equivalent SDOF dissipative bracing system (DB) is
assumed; optimal ductility values range from 4 to 12, depending on the properties of the
hysteretic device and the serviceability design earthquake (SDE). Consequently, the yield
displacement of the equivalent SDOF bracing system d*y,DB is calculated as given below:

d∗y,DB =
d∗max,DBF

µDB
(2)

At the j-th step of an iterative procedure, the equivalent period T*j
DBF and the total

elastic stiffness k*j
DBF of the DBF structure are determined by means of the idealized

elastoplastic behavior of the braced structure, using Equations (3a) and (3b).
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T∗j
DBF = 2π

√√√√ d∗max,DBF

α Se

(
T∗j

DBF

) (3a)

k∗j
DBF = 4 π2 m∗(

T∗j
DBF

)2 (3b)

where α = 1 is initially retained. The stiffness of the equivalent SDOF dissipative bracing
system is obtained as the difference between the total stiffness and the frame stiffness
k∗j

DB = k∗j
DBF − k∗j

BF, and the yield force of the dissipative braces is F∗j
y,DB = k∗j

DB d∗y, DB.

If in Equation (3a), T*j
DB

j< Tc is found, a new idealized bilinear curve must be evalu-
ated on the basis of the force displacement curve obtained by the sum of the contribution
of the actual bare frame and the properties of the dissipative braces at the j-th iteration,
thus evaluating F∗,j

y,DBF and the attendant value of the behavior factor at the j-th iteration
as follows:

q∗j =
m∗·Se

(
T∗j

DBF

)
F∗,j

y,DBF

(4)

The iterative procedure starting from Equation (3a) with the updated value of α should
be performed.

Once the characteristic parameters of the equivalent dissipative braces are evaluated,
the actual dimensions and yielding force of the dissipative braces can be evaluated as
previously described. It has to be remarked that the authors suggested applying an
amplification factor γx = 1.2 on the yielding force of each dissipative braces to avoid either
buckling or premature yielding under the maximum considered earthquake.

The proposed procedure suffers from (a) the conservative estimate of the displace-
ments for systems with T* < Tc based on the equal energy criterion already reported by
the authors; (b) the assumption of a further 20% increase in the resistance of the device
(γx = 1.2 not taken into account in this work); (c) the initial assumption of a distribution of
the stiffness and resistance characteristics of the dissipative braces proportional to that of
the frame, providing for a correction only if the elevation regularity requirements of the
Italian code [43], which are not satisfied, and such correction, which is desired to correct the
elevation irregularities of structures not designed for seismic actions, should be provided
already in the design phase of the bracing system; (d) an approximate evaluation of the
resistance of the frame at each floor, evaluated based on the secant stiffness obtained in
correspondence to an unspecified level of the external seismic action.

2.2. Bruschi, Quaglini, and Calvi Method (BQC) [22]

The main differences between this method [22] and the previous discussed procedure
are that (i) the method for evaluation of the displacement demand is based on the equivalent
damping, and the equivalent damping is evaluated on the basis of the hysteretic behavior of
dissipative braces and existing bare frame, as defined in procedure 2 of the Italian Building
Code [43], according to Shibata and Sozen [44]; (ii) the modal properties of the bare frame
are used to evaluate the target displacement demand of the DBF by assuming a design
pattern of the DBF displacements along the height of the frame that is proportional to the
first modal shape of the bare frame and a target value of the maximum inter-story drift;
and (iii) according to item (ii), the distribution of stiffness and resistance characteristics of
the dissipative braces are proportional to those of the frame.

Regarding (i), the equivalent bilinearized SDOF system differs from the one described
in the previous procedure by the following: the stiffness of the elastic branch, which is
settled here as the initial elastic one rather than the secant value at 0.6 Vbmax, as in the
previous procedure, and the shape of the second branch, which is characterized by a post-
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elastic stiffness KH > 0, evaluated together with the displacement demand d*max and the
yielding force F*y on the basis of the following relationship:

d∗max =
Se, ζ=5%

(
T∗

e f f

)
4π2(

T∗
e f f

)2

√
10

5 + ζeq
(5a)

ζeq =
βζ × 63.7 ×

(
F∗

y × d∗max − F∗
u × d∗y

)
F∗

u × d∗max
+ 5 (5b)

d∗y =
2 E∗

H − F∗
u d∗max

k d∗max − F∗
u

(5c)

where T∗
e f f is the effective period evaluated on the basis of the effective stiffness, i.e.,

secant stiffness keff = F*u/d*max, and E*H is the energy absorbed (the area under the force–
displacement curve) by the actual SDOF system up to the demand displacement. βζ is a
coefficient that reflects the energy dissipation capacity of the system, and it is settled = 1,
0.66, and 0.33 for structures with high, medium, or low damping capability, respectively,
with the latter depending on the stability of the hysteresis cycles. Equation (5c) is obtained
by ensuring that the area under the equivalent bilinear curve is equal to E*H. An iterative
procedure is used to find the equivalent damping value and the period of vibration T*,
which are consistent with the displacement demand.

The main steps of this procedure can be summarized as shown in the flowchart in
Figure 2a and in the acceleration displacement response spectrum ADRS in Figure 2b,c.
The main capacity curve of the bare frame is evaluated using static nonlinear analysis,
and the MDOF is converted into equivalent SDOF system, as described in the previous
method. The target displacement of the system dmax is chosen according to the design
performance that is required by the dissipative braces. The authors suggested to choose
the target displacement in order to protect both structural and non-structural elements,
corresponding to a maximum inter-story drift of the dissipative braced frame ∆di,max,DBF/hi
in the range 0.5% ÷ 0.75%, with hi being the inter-story height of the i-th story. Thus, the
target value of the top-story displacement of the DBF is evaluated as follows:

dmax,DBF =
∆di,max,DBF

max[ϕ1,i − ϕ1,i − 1]
(6)

The target top-story displacement of the DBF is converted into the target displace-
ment d∗max,DBF = dmax,DBF/Γ1 of the DBF equivalent SDOF, and the capacity curve of
SDOF system is converted into the equivalent bilinear curve with hardening. Then, the
characteristic parameters of the equivalent DB system are designed depending on the
design value of the dissipative braces ductility µDB=dmax,DBF/dy,DB and the equivalent
damping of the damped brace ζ*eq,DB = 63.7 (µDB − 1)/ µDB. The former can be chosen
within the range 4 ≤ µDB ≤ 10, according to the dissipative device technology. Then, the
equivalent viscous damping ζ*eq,BDF, the yielding displacement d∗y,DBF, and the ultimate
strength F∗

u,DBF of the DBF SDOF equivalent system (i.e., the strength at the maximum
displacement F∗

u,xx = F∗
dmax,xx , xx = BF,DB,DBF) are determined by the iterative procedure

based on Equations (5)–(7d):

F∗,j
u,DBF = F∗

u,BF + F∗,j−1
u,DBF (7a)

ζ
j
eq,DBF = ζeq,BF +

ζeq,BFF∗
u,BF + ζ

j−1
eq,DBF∗,j−1

u,DB

F∗
y,BF + F∗,j−1

u,DB

(7b)
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T j
e f f ,DBF = 2 π

√√√√ m∗

k∗,j−1
e f f

= 2 π

√√√√m∗d∗max,DBF

F∗, j
u,DBF

(7c)

d∗max,DBF =
Se, ζ=5%

(
T∗,j

e f f

)
4π2(

T∗,j
e f f

)2

√√√√ 10

5 + ζ
j
eq,DBF

(7d)

F∗,j
u,DB =

ξ
j
eq,DBF F∗,j

u,DBF−ζeq,BF F∗
u,BF

ζeq,DB
(7e)

Figure 2. BQC design method. (a) Flowchart; (b) equivalent bilinear curve; (c) design method
representation in the ADRS. R2 is added to symbols to emphasize that the values of the parameters
are evaluated according to procedure 2 of the Italian Building Code [43].
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When the suitable damping and yield strength of the braced frame has been determined,
the strength of the SDOF dissipative braces F∗

y,DB is obtained as F∗
y,BF = F∗

u,DBF − F∗
u,BF. Thus,

for each brace, the strength Fyi,DB (Equation (8a)) and the stiffness ki,DB (Equation (8b)) are
determined as follows:

Vyi,DB =
mi × ϕi

∑m
j=1 mj × ϕj

×
(

Γ1 × F∗
y,DB

)
(8a)

ki,DB =
Γ1 × F∗

y,DB

nd (ϕi − ϕi−1 )dy,DBCos2αij
(8b)

where nd is the number of braces at each story, and αij is the inclination of the j-th braces of
the i-th story.

The BQC procedure is particularly efficient for regular bare frames, as it is able to
take into account the high hysteretic capacities of the bracing systems equipped with
dissipative devices through the evaluation of the equivalent damping. However, it leads to
an oversizing of the braces due to the choice of designing the strengthened structure with
the same modal shape as the bare frame. Thus, a highly precautionary design displacement
of the braced structure is assumed when the bare frame is characterized by a marked
irregularity in elevation (see Equation (6)); indeed, in this case, a value of ϕ1,i − ϕ1,i−1,
much larger than 1/np (where np is the number of the story), is found, with the latter
being the value that characterizes the behavior of a structure designed to exhibit a constant
inter-story drift.

2.3. Simplified Method (CAD)

A simplified method is derived to investigate the efficiency of procedures that aim
to mitigate the effect of possible irregularity along the height of the bare frame. The main
difference compared to the previous method, besides using elementary relationships that
are easily understood by common practitioners, lies in the desire to obtain, for the braced
structure, a constant inter-story drift along the height. Constant inter-story drift aims at
obtaining uniform damage in the presence of earthquakes of unexpected intensity and at
reducing the amount of material used for the braces.

According to the simplified procedure, characterized by a flowchart and with a repre-
sentation in the ADRS shown in Figure 3a,b, respectively, once the total drift ∆T is chosen,
the target eigenvector of the BDF structure is settled as ϕ1,i = zi/HT , where zi is the
height of the i-th story above the level of application of the seismic action, and HT is the
total height of the frame.

The target displacement is evaluated as dmax,DBF = ∆T HT, the mass of the equivalent
SDOF as m*=∑n

i=1 mizi/HT , and the first-mode transformation factor as

Γ1,DBF=m∗/
[
∑n

i=1 mi (zi/HT)
2
]
. To evaluate the behavior of the bare frame, as it will

be exhibited in the BDF, a pushover curve is evaluated by using a pattern of the seis-
mic force, which is “triangular”, i.e., proportional to the product of mi × zi. Then,
the design of the stiffness of the SDOF bracing system DB is performed on the basis
of the modified equal displacement rule (EDR1) suggested by the [41] and the Italian
Seismic Codes [43], namely d∗max,DBF = d∗el,DBF for T∗

DBF ≥ Tc or the amplified value
d∗max,DBF = αcode d∗el,DBF, where αcode = [1 + (q∗ − 1)Tc/T∗

DBF]/q∗, for T∗
DBF < Tc. The

value of the behavior factor q∗ should be chosen as to optimize the dynamic behavior and
limit the variation in the axial force induced by the braces in the columns of the frame.
To optimize the dynamic behavior, q∗ should be chosen within the range 3 ≤ q∗ ≤ 10
for T∗

DBF ≥ Tc (as suggested by [14], where recommended values are in the narrowest
range 4 ≤ q∗ ≤ 6), while in order to mitigate the expected increment of the displacement
demand for T∗

DBF < Tc, q∗ = 1.5 +
(
q∗lim − 1.5

)
(T∗

DBF − TB)/(TC − TB) should be adopted
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(according to [14], a limit recommended value is q∗lim= 3). Thus, the design values of the
period of vibration and the yielding strength of the SDOF DBF can be evaluated as follows:

T∗
DBF = 2 π

√
d∗max,DBF

α Se
(
T∗

DBF
) (9a)

F∗
y,DBF =

m∗Se(T∗
DBF)

q∗
(9b)
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Once the global parameters of the SDOF DBF are evaluated, the stiffness ki,DB and the
strength Vyi,DB of the actual MDOF DB system at each story i can be easily evaluated on
the basis of the lateral force method, taking into account that the stiffness and the strength
of the DBF at each story are the sum of those of the DB and BF. The value of stiffness ki,BF
should be evaluated in correspondence to the design value of the inter-story drift at the
yielding displacement of the brace dyi,DB. Thus, the following expressions are obtained:

ki,DBF =
∑n

j=i mjzj

∑n
s=1 mszs

Γ1 α m∗

hi ∆T
Se(T∗

DBF) (10a)

ki,DB = ki,DBF − ki,BF,dyi DB (10b)

Vyi,DB =
∑n

j=i mjzj

∑n
s=1 mszs

Γ1m∗Se(T∗
DBF)

q
− Vi(dyi, DB),BF (10c)

One iteration to evaluate Vyi,DB is required.

3. Case Study

To compare the effectiveness and the damage distribution obtained by designing
the dissipative braces according to the three previously described methods, the seismic
response of a four-story building was analyzed. The chosen building can be considered
representative of the design and construction common practice of the 1970s in Southern
European countries such as Italy, Portugal, and Greece. These structures were designed
for vertical loads only, and they show very low resistance to horizontal loads in terms of
ultimate limit state (in the order of approximately 5–8% of their weight).

The performance ensured by the three design methods was investigated by means
of both static pushover analysis (POA) and dynamic nonlinear response history analysis
(NRHA). POA was also used because it is well known that the results of NRHA are strongly
influenced by the modeling of the seismic excitation. Moreover, since the results obtained by
NRHA are highly scattered, a great deal of analysis should be performed in order to obtain
a reliable statistic of the response, which can be reliably characterized by a probabilistic
approach only. POA overcomes this issue, characterizing the seismic action by the elastic
response spectrum. Thus, POA can be considered an efficient analysis method to compare
design outcomes resulting from the application of different design methods, highlighting
the specific characteristics of the designed structures, and the NRHA is a technique for
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investigating the effects of the features emerging from the POA on the dynamic and seismic
behavior of the structures.

3.1. The Reinforced Concrete Moment Resistant Frame

A general view of the structure is provided in Figure 4. The building is a reinforced
concrete 4-story frame with three bays in each of the two principal directions, namely two
with a 5 m span and one with a 2.5 m span in the x-direction, and constant 5 m spans
in the y-direction. The inter-story height is 2.7 m, and a 0.15 m thick slab extending 2 m
on each side is cast together with the beams. Beams equal in terms of geometry and
reinforcement are arranged on all floors. The columns, except for the wider interior one,
present uniform geometric characteristics along the height of the structure. The columns
feature a rectangular cross-section measuring 0.60 m × 0.25 m on the first and second
stories and 0.50 m × 0.25 m on the third and fourth stories.

Figure 4. Plan and section of (a) bare frames (BF) and (b) dissipative braced frames (DBFs).

Figure 4 also illustrates the geometric characteristics of the beams, while the reinforce-
ment details are reported in Table 1. The reinforcement details of the building are coherent
with the construction practice of the time: No seismic detailing provisions are considered,
preferential mechanisms for inelastic dissipation are not assumed, and no specific ductility
or strength provisions are assigned. Smooth, round bars, which were commonly used in the
past, are used for the longitudinal reinforcing steel. All beams in the x-direction are 250 mm
wide and 500 mm deep, while the transverse beams are 200 mm wide and 500 mm deep.
The solid concrete slab has a thickness of 150 mm. The columns’ reinforcement splices
and stirrups details reflect the typical lack of confinement seen in non-ductile reinforced
concrete structures of 40 years ago. The longitudinal reinforcement of all four columns
includes a lap splice (70 cm) at the base of the first story and another at the base of the third
story. Consequently, at the base of the first story column, the reinforcement is duplicated,
and at the base of the third story, there is an overlap of the nominal reinforcement with that
from the lower story.
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Table 1. Details of cross-section of the main structural elements.

Longitudinal Rebar (mm) Transversal Rebar

Element Cross section
mm × mm 1st–2nd floor 3rd–4th floor End of elem. Middle of

elem.

Column 1 400 × 200 6 ϕ 12 6 ϕ 2 ϕ 6/15 ϕ 6/15

Column 2 600 × 250 8 ϕ 16 + 2 ϕ 12 6 ϕ 16 + 2 ϕ 12 ϕ 6/15 ϕ 6/15

Column 3 400 × 200 8 ϕ 12 6 ϕ 12 ϕ 6/15 ϕ 6/15

Column 4 300 × 200 6 ϕ 12 6 ϕ 12 ϕ 6/15 ϕ 6/15

1st–4th floor

Section 1 Middle Section 2

Top Bottom Top Bottom Top Bottom End of elem. Middle of
elem.

Longitudinal
beam 1 250 × 500 2 ϕ 16 2 ϕ 16 2 ϕ 12 2 ϕ 12 + 2 ϕ 16 3 ϕ 16 2 ϕ 12 ϕ 8/10 ϕ 8/20

Longitudinal
beam 2 250 × 500 3 ϕ 16 2 ϕ 12 2 ϕ 12 2 ϕ 12 + 2 ϕ 16 2 ϕ 16 2 ϕ 16 + 2 ϕ 12 ϕ 8/10 ϕ 8/20

Longitudinal
beam 3 250 × 500 2 ϕ 16 2 ϕ 12 2 ϕ 12 2 ϕ 12 2 ϕ 12 3 ϕ 12 ϕ 8/20 ϕ 8/20

Transversal
beam 200 × 500 4 ϕ 16 2 ϕ 12 4 ϕ 16 2 ϕ 12 4 ϕ 16 2 ϕ 12 ϕ 8/10 ϕ 8/10

3.2. The Design of the Dissipative Braces

Dissipative braces are designed to withstand seismic action characterized by a type
1, ground-type B ζ = 5% damped elastic response spectrum [41] defined by the following
parameters: peak ground acceleration ag = 0.35g (g = gravity acceleration), soil amplification
factor S = 1.2, Tb = 0.15 s and Tc = 0.5 sec limits of the constant spectral acceleration branch,
and Td = 2 s value defining the beginning of the constant displacement response range of
the spectrum.

All three methods require that the mechanical characteristics of the bare frame and the
parameters of the MDOF and equivalent SDOF system are estimated. With this aim, the
pushover curves of the frame are evaluated for lateral force distribution consistent with the
first-mode shape for negative x-direction (which provides the most conservative results
with respect to the positive x-direction) and y-direction (either positive or negative since the
system is symmetric in the y-direction). These curves are shown in Figure 5a,b, respectively.
Then, according to the two previously mentioned procedures, namely elastic–perfectly
plastic bilinearization + equal displacement rule procedure (denoted as EDR1 procedure)
or elastic–plastic with hardening bilinearization + equivalent damping procedure (denoted
as ED2 procedure), the parameters that characterize the bilinear curves are evaluated and
reported in Table 2. The displacement demand dmax,BF as assessed by the two methods is
also shown. Moreover, in Table 3, the results that characterize the behavior of each story
are shown, with the latter evaluated in correspondence of the BF-yielding displacement
estimated according to procedure EDR1.

Figure 5a,b show that the spatial frame has a slightly larger maximum strength in
the x-direction (719 kN) than in the y-direction (639 kN), and a steep softening behavior
in the y-direction characterizes the post-peak behavior, with no residual strength for the
displacement of 220 mm. It is noteworthy that, from the data referring to the EDR1 method
in Table 2, the structure has similar stiffnesses in the x- and y-directions (slightly larger in
the x-direction) but different equivalent strengths (633 kN in the x-direction while only
460 kN in the y-direction) due to the steep softening behavior in the y-direction. Thus,
EDR1 and ED2 assesses similar required displacements in the x-direction, namely 194 mm
and 183 mm, while the ED2 method cannot be applied in the y-direction due to the lack of
residual strength for displacements larger than 220 mm. The data in Table 3 highlight the
abrupt reduction in the stiffness in the x-direction at the third story, while in the y-direction,
a reduced value of the yielding displacement at the first story can be seen. Lastly, in
Figure 6, the frame configurations at the displacement demand for the EDR1 method are
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shown. They stress that in the x-direction, a soft story mechanism at the third story is
expected, while in the y-direction, the collapse mechanism involves great displacement at
the first story.

Figure 5. Pushover curve of bare frame in the (a) x-direction and (b) y-direction.

Table 2. Characteristics of the equivalent MDOF system of the bare frame according to the two

different bilinearization procedures; j = EDR1, ED2; K(EDR1)
DBF = equivalent stiffness; K(ED2)

DBF = ultimate
secant stiffness; (n.a. = not applicable).

BF

PROCEDURE-dir K(j)
BF

(kN/mm)
dy,BF
(mm)

Vy,BF
(kN)

dmax,BF
(mm)

Vmax,BF
(kN)

T*(j)
BF

(sec)

EDR1-x 14.39 44.1 633 194 633 1.16

ED2-x 7.44 32.3 697 183 530 2.53

EDR1-y 13.59 33.9 460 202 460 1.23

ED2-y n.a n.a. n.a. >220 n.a. n.a.

Table 3. Main characteristics of each story of the bare frame. n.a. = not applicable.

Direction X Direction Y

Story
Story

Height hi
(m)

Seismic
Weight

(kN)

ki,BF
(kN/mm)

ρi=
ki,BF

ki−1,BF

(%)
Vyi,BF
(kN) (mm) ki,BF

(kN/mm)
ρi=

ki,BF
ki−1,BF

(%)
Vyi,BF
(kN)

dyi,BF
(mm)

1st 3.2 1844 52.89 0.889 846 16.0 43.15 0.923 710 9.79

2nd 6.4 1844 47.01 0.685 636 13.5 37.67 0.860 613 16.2

3rd 9.6 1844 32.23 0.872 434 13.5 32.41 0.873 525 16.3

4th 12.8 1881 28.11 n.a. 327 11.6 30.09 n.a. 294 16.5
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Figure 6. Deformed view of bare frame under pushover analysis: the (a) x-direction and
(b) y-direction.

The three above-mentioned design methods were applied, assuming a design inter-
story drift ∆T = 0.5% corresponding to the damage limit state of the Italian Building
Code [43], namely 16 mm. Thus, according to the assumption of constant inter-story drift
that characterizes the DPC and CAD procedures, top-story displacement designs of 64 mm
are assumed for both of them in both directions, while the 52 mm and 51 mm design
for top-story displacements in the x- and y-directions, respectively, are assumed for the
BQC procedure, according to Equation (6). Regarding the strength of dissipative braces,
a design ductility of the braces of µDB = 4 is chosen for the DPC and the BQC method, as
suggested by the authors in references [20,22], while a limit value of the behavior factor
qlim = 3 for the CAD method is assumed [14]. The stiffness and strength global parameters
at each story obtained with the three procedures are reported in Table 4. Regarding the
in-plane distribution of the braces, reported in Figure 4b, it must be emphasized that in
the x-direction, at each story, two couples of braces of the same dimensions and sliding
force are designed in the wider bays of the external frames #5 and #6, arranged in order to
minimize the variation in the axial force in the columns. In the y-direction, at each story,
two braces are placed in the second and third bays of the frame #2, while one brace is placed
in the second bay of the frame #3; the latter has a stiffness and strength equal to two-thirds
of each of the previous ones in order to ensure that, on all the stories, the center of stiffness
and resistance of the braces are coincident with the center of mass of the frame, and no
torsional effect is induced. The required volume of the steel braces is similar for DPC and
BQC methods, namely 0.622 m3 and 0.601 m3, while a volume roughly 40% smaller, namely
0.353 m3, is required for the CAD method.

Table 4. Stiffness and sliding forces of the braces DB for the three design methods.

DPC BQC CAD

Story Kx dir
DB

(Kn/mm)
Vxdir

y,DB
(kN)

Ky dir
DB

(Kn/mm)
Vy dir

y,DB
(kN)

Kx dir
DB

(Kn/mm)
Vxdir

y,DB
(kN)

Ky dir
DB

(Kn/mm)
Vy dir

y,DB
(kN)

Kx dir
DB

(Kn/mm)
Vxdir

y,DB
(kN)

Ky dir
DB

(Kn/mm)
Vy dir

y,DB
(kN)

1st 905 2404 687 2427 779 1693 655 1779 440 2104 480 2200

2nd 629 2183 585 2160 542 1538 558 1583 395 1976 433 2035

3rd 509 1686 556 1625 438 1187 530 1191 312 1545 333 1547

4th 492 919 536 873 424 647 511 640 169 835 179 834

4. Results and Discussion

The structures were modeled by the Seismostruct FEM program [61]. Beam and
column were modeled as inelastic force-based plastic hinge (INFRMFBPH) frame element
type [62–67]. The Mander et al. [68] model for concrete and its modification for cyclic
load [69] and Menegotto Pinto model [70], implemented as in Monti et al. [62] with the
additional memory rule proposed by Fragiadakis et al. [63] for reinforcing steel, were
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used. The behavior of the dissipative braces was obtained by a simple truss model with a
nonlinear link with stable elastic–perfectly plastic hysteresis cycle.

4.1. Pushover Analysis

In Figure 7a,b the pushover curves for the dissipative braced frames are depicted
for the x- and negative y-direction, respectively, within the bilinear curves obtained with
the EDR1 and ED2 methods. The points representing the yielding and the displacement
demand and corresponding strengths are also depicted by the curves. In Table 5, all
the numerical values are reported within the values of the equivalent stiffness for EDR1
method as well as the secant stiffness at the displacement demand for the ED2 method.
The corresponding strength and period of vibration are also reported.

Figure 7. Pushover curve of dissipative braced frames in the (a) x-direction and (b) y-direction.

Table 5. Characteristics of the equivalent DBF-MDOF system for different design and bilinearization
procedures.

DPC BQC CAD

Des. PROC EDR1-x ED2-x EDR1-y ED2-y EDR1-x ED2-x EDR1-y ED2-y EDR1-x ED2-x EDR1-y ED2-y

K(j)
DBF(kN/mm) 202 165 169 85.7 166 50.2 170 39.8 138 74.9 121 53

dy,DBF (kN) 23.8 11.4 17.1 15.8 14.3 12.8 13.2 12.6 25.7 19.0 22.7 19.3

Vy,DBF (kN/mm) 4800 2592 2896 2622 2372 2023 2264 2017 3547 2952 2733 2373

dmax,DBF(mm) 33.1 27.8 48.0 33.3 48.6 48.0 50.5 60.6 54.6 46.2 60.1 52.3

Vmax,DBF (kN) 4800 4594 2896 2856 2372 2406 2264 2409 3547 3463 2733 2776

T∗(j)
BF (s) 0.31 0.34 0.35 0.53 0.34 0.62 0.35 0.61 0.36 0.51 0.39 0.61

Figure 7a,b and the results in Table 5 highlight that for all design methods, the DBF
equivalent period of vibration in the EDR1 procedure is smaller than Tc. Comparison
of the results with those reported in Table 2 for the BF was performed by assessing the
ratio of DBF to the BF response parameter evaluated according the EDR1 procedure. The
values of the stiffness ratio are 14.0 and 12.4 for DPC-DBF, 11.5 and 12.5 for BQC-DBF,
and 9.6 and 8.9 for CAD-DBF in the x- and y-directions, respectively. The values of the
strength ratio are 7.6 and 6.3 for DPC-DBF, 3.74 and 4.92 for BQC-DBF, and 5.6 and 5.9 for
CAD-DBF in x- and y-directions, respectively. Displacement demand for the bare frame
dmax,BF is always larger than 183 mm, and the values for the three DBF are within the range
27.8 mm ≤ dmax,DBF ≤ 60.6 mm. Thus, it can be easily concluded that all the three methods
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provide efficient design of the dissipative bracing system, with large increments in stiffness
and strength and large reduction in the expected damage.

DPC design method provides dissipative braces with the greater stiffness and strength
among the three methods, although the assessed design displacement is greater than that
of the BQC method. This is due to the over-conservative estimation of the increment
of displacement for a stiff (T < Tc) nonlinear system with respect to an elastic one due
to the assumption of the equal energy rule. The CAD method provides a lesser system
stiffness, exploiting the assumption of the largest top-story displacement design; the use
of a procedure based on the force method to establish the frame strength results in an
intermediate strength between those provided by the DCP and BQC design methods.
The EDR1 procedure assesses a larger displacement demand than ED2. An exception
was found for the structure designed by the BQC method in the y-direction, having an
average reduction in the assessed displacement of approximately 10%. Regarding the
different design methods, averaging the displacement in x- and y- directions, the DPC
method provides the smallest mean displacement value irrespective of the bilinearization
procedure; the assessed displacement is 22% and 41% larger for the BQC and CAD methods,
respectively, according to the EDR1 procedure, while it is 77% and 61% larger according to
the ED2 procedure.

In order to compare the effect of the different distributions of stiffness and strength
along the frame height assumed in the three design methods, in Figure 8, the inter-story
drifts assessed by pushover analyses for the design total drift ∆T= 0.5%, namely a top-story
displacement of 64 mm, are depicted.

Figure 8. Inter-story drift assessment for dissipative braced frames by pushover analysis in the
(a) x-direction and (b) y-direction.

For all the three design methods and for both directions, the inter-story drifts at the
upper story are small, with roughly 50% of the design inter-story drifts being ∆T= 0.5%. The
drift distribution along the frame elevation provided by the BQC procedure, for which the
braces are sized at each story with no one technique for bare frame irregularity correction,
is the more non-uniform, with a larger drift at the first story for the x-direction, while it is
reduced almost linearly along the structure height for the y-direction. The DPC and CAD
method provide a more uniform distribution of the inter-story drifts along the elevation in
the x-direction, while in the y-direction, the first-story drift is significantly larger than that
expected. An almost linear reduction for the upper floors was also detected for these two
methods in the y-direction.

The unexpected non-uniform distribution of the inter-story drifts obtained by the
CAD method can be attributed to three main phenomena that are, in fact, neglected in all
three considered design methods: (i) the variation in stiffness and strength (and ductil-
ity) of the frame columns due to the variation in the axial load generated by the braces;



Buildings 2024, 14, 3256 19 of 31

(ii) the influence of displacements due to axial deformations of the columns, which
are not negligible in a structure with columns with reduced cross-sectional area; and
(iii) the variation in the distribution of stiffness along the height compared to the design
values, generated by the use of commercial profiles of the braces, which do not reflect the
design areas.

In this context, an in-depth discussion of the role of the variation in axial forces in
the columns due to the braces and the dissipative device strength calibration is beyond
the scope of this paper. Nevertheless, to highlight the extent of this effect, in Table 6,
the values of the axial loads at the base of the first-story columns, which are affected
by the braces, are reported. Namely, the table reports the values of column axial loads
due to gravitational load Ng, along with the minimum Nmin and the maximum Nmax
values attained by pushover analysis in correspondence to maximum seismic force values
(both in the positive and negative x- and y-directions). Referring to seismic action in the
x-direction, in the bare frame, the columns affected by the largest variation in axial load are
column 1 and column 3. The variations due to seismic actions with respect to the values for
gravitational loads are roughly in the ranges [−50%, +27%] and [−50%, 0%], respectively.
The introduction of dissipative braces significantly enlarges this variation, which ranges
between [−177%, +258%] and [−218%, +266%] in column 1 and column 3, respectively, for
the DPC design methods. The variation is slightly lower, in the ranges [−174%, +199%]
and [−212%, +212%], in column 1 and column 3, respectively, for the BQC design methods.

Table 6. Axial force values due to gravitational load (Ng) and extreme values due to gravitational +
seismic forces in POA.

X-direction

Column 1 Column 2 Column 3

Ng
[kN]

Nmin
[kN]

Nmax
[kN] Ng [kN] Nmin

[kN]
Nmax
[kN] Ng [kN] Nmin

[kN]
Nmax
[kN]

BF 321 158 409 356 425 443 260 128 264

DPC 305 −249 1149 319 191 319 262 −307 950

BQC 306 −238 958 327 304 456 261 −293 811

CAD 313 −246 1101 338 238 345 262 −307 900

Y-direction

Column 6 Column 10 Column 14 Column 7 Column 11

Ng
[kN]

Nmin
[kN]

Nmax
[kN]

Ng
[kN]

Nmin
[kN]

Nmax
[kN]

Ng
[kN]

Nmin
[kN]

Nmax
[kN]

Ng
[kN]

Nmin
[kN]

Nmax
[kN]

Ng
[kN]

Nmin
[kN]

Nmax
[kN]

BF 842 837 896 839 846 891 357 216 422 583 580 598 584 582 582

DPC 871 −159 1868 576 753 881 383 −256 1046 567 −188 1530 537 121 121

BQC 871 114 1612 583 799 886 389 −179 910 568 18 1249 539 315 315

CAD 868 −121 1834 631 763 877 397 −359 1111 572 −138 1434 549 187 187

A similar behavior was found in the y-direction. In this case, for the bare frame,
the largest variation was found for column 14, which shows a variation in the range
[−39%, 18%], while for the braced frame, the variation in the same column is extremely
large for the DPC and CAD design methods, namely [169%, +173%] and [−190%, +180%],
respectively. For design of braces according to the BQC method, the variation is still large
but slightly smaller and within the range [−146%, 134%]. Very significant variations were
also found in column 11 for all the design methods.

The results clearly show the large variation in the axial force in columns induced by
the braces and the paramount role played by the appropriate tuning of the dissipative
device strength in limiting these variations.

4.2. Nonlinear Response History Analysis (NLRHA)

The reliability of the three design methods was also compared by nonlinear response
history analysis. To this aim, initially, for each direction, three samples of quasi-stationary
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accelerograms were generated. They were characterized by a stationary energy content
at the different frequencies but with amplitude modulated by a trapezoidal window func-
tion [71], according to the procedure described in [72]. Accelerograms that were compatible
with the response spectrum described in the previous section were generated. In Figure 9,
the response spectra of the samples and the mean spectrum are compared with the target
spectrum. The curves show that the procedure provides accelerograms with a mean elastic
response spectrum slightly larger than the target spectrum in the period range of constant
spectral acceleration. The accelerograms fulfill the requirement than the mean spectrum is
not less than 90% of the target spectrum for any period.

Figure 9. Elastic response spectrum of the generated accelerograms vs. target spectrum.

The choice to use generated accelerograms instead of more realistic recorded accelero-
grams is aimed at minimizing the dispersion between the responses obtained by the NRHA
for the different samples of seismic excitation, avoiding the uncertainties linked to the
use of natural accelerograms with spectra very different from each other. In fact, only by
using many samples of seismic excitation from recordings of real events, it is possible to
obtain a reliable statistical description of the seismic response, which must be characterized
by mean values, coefficients of variation, and extreme values. It should be noted that, in
this context, the technique for selecting the accelerograms is still a subject under extensive
debate, and no univocal guidelines have been identified.

Moreover, aiming at evaluating the effects of the bidirectional input on the seismic
response of reinforced concrete frames retrofitted with dissipative braces, two set of anal-
yses were performed: a first one with one-directional input only and a second set with
bidirectional input.

Referring to the first set of analyses for one-directional input in the x- or y-direction,
the mean and the maximum values of total and inter-story drift obtained by NLRHA
are reported in Table 7 for both BF and DBF. Inter-story drift values are also represented
graphically in Figure 10 for DBF only.

With reference to total drift, while for BF, the drift demand is larger than 1% in both
the directions, when approaching the failure condition, the braces sized with all the design
methods are successful in limiting the maximum value of the drift to 0.5%. The more
conservative DCP method leads to designing very stiff and resistant bracing systems,
resulting in a maximum total drift of 0.37% in both directions. Slightly larger values
characterize the maximum total drift of DBF designed according to BQC method, namely
0.40% and 0.38% in the x- and y-directions, respectively. The CAD method led to the
weakest dissipative braces, resulting in a maximum total drift close to the first design both
in the x- and y-directions, namely 0.45% and 0.5%, respectively.
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Table 7. Mean and maximum total and inter-story drift in NLRHA for one-directional input in the x-
or y-direction.

Drift in X-Direction Drift in Y-Direction

BF DCP BQC CAD BF DCP BQC CAD

Story Mean Max Mean Max Mean Max Mean Max Mean Max Mean Max Mean Max Mean Max

Total 1.07 1.21 0.36 0.37 0.36 0.40 0.42 0.45 1.04 1.26 0.34 0.37 0.34 0.38 0.44 0.50

In
te

r-
st

or
y

dr
if

t

4th 0.78 0.85 0.37 0.41 0.30 0.31 0.48 0.51 0.66 0.81 0.30 0.36 0.29 0.35 0.46 0.50

3rd 2.44 2.51 0.45 0.47 0.37 0.42 0.49 0.59 1.18 1.29 0.33 0.40 0.33 0.41 0.45 0.49

2nd 0.94 0.97 0.38 0.41 0.41 0.48 0.42 0.45 1.15 1.35 0.33 0.36 0.34 0.39 0.47 0.53

1st 1.41 1.47 0.34 0.39 0.41 0.49 0.50 0.52 1.99 2.14 0.46 0.54 0.52 0.56 0.53 0.58

Mean 1.39 1.45 0.38 0.42 0.37 0.43 0.47 0.52 1.24 1.40 0.35 0.42 0.37 0.43 0.48 0.53

COV % 0.54 0.52 12.0 8.1 14.3 19.7 7.2 11.3 0.44 0.40 19.5 20.1 27.6 22.0 7.1 7.3

Max 2.44 2.51 0.45 0.47 0.41 0.49 0.50 0.59 1.99 2.14 0.46 0.54 0.52 0.56 0.53 0.58

Min 0.78 0.85 0.34 0.39 0.30 0.31 0.42 0.45 0.66 0.81 0.30 0.36 0.29 0.35 0.45 0.49

Figure 10. Mean and maximum inter-story drift for NLRHA for one-directional input in the
(a) x- direction (b) y-direction.

Notice that, as a consequence of the seismic excitation modeling, a relatively small
difference between maximum and mean value of the response was found, which, for the
DBF system, is on average equal to 9.1% of the mean value, with a maximum difference of
14% for the CAD frame in the y-direction.

Regarding the inter-story drift, all the methods were unsuccessful in limiting it at the
first story for input in the y-direction, resulting in maximum values of 0.58% for CAD, 0.56%
for BQC, and 0.54% for DCP. The CAD method was the only one unsuccessful in limiting
the inter-story displacement in the x-direction, resulting in inter-story drift maximum
values of 0.59% at the third story, 0.52% at the first story, and 0.51% at the fourth story.

In order to analyze the distribution of inter-story drift along the height of the frame,
in Table 8, the mean values, coefficient of variation (COV), and minimum and maximum
values of the inter-story drift among the four story are also evaluated. Referring to the
values of drift obtained as a mean value of the response for the three accelerograms, the
CAD method is able to ensure an almost uniform distribution of the drift along the height
of the frame, with COV limited to 8% and 7% in the x- and y-directions, respectively. These
values are significantly smaller than their counterparts for the other two design methods,
namely 11% and 15% for DPC and 11% and 23% for BQC.
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Table 8. Mean and maximum total and inter-story drift in the x- or y-direction for NLRHA for
bidirectional input.

Drift in X-Direction Drift in Y-Direction

BF DCP BQC CAD BF DCP BQC CAD

Story Mean Max Mean Max Mean Max Mean Max Mean Max Mean Max Mean Max Mean Max

Total >3% >3% 0.38 0.40 0.37 0.39 0.46 0.62 1.77 2.57 0.36 0.38 0.33 0.37 0.46 0.49

In
te

r-
st

or
y

dr
if

t

4th st. >3% >3% 0.42 0.45 0.33 0.36 0.51 0.55 1.63 2.32 0.51 0.55 0.54 0.58 0.59 0.65

3rd st. >3% >3% 0.47 0.51 0.40 0.50 0.52 0.67 1.78 2.33 0.37 0.40 0.32 0.37 0.50 0.55

2nd st. >3% >3% 0.37 0.40 0.40 0.43 0.41 0.44 2.18 3.33 0.35 0.37 0.33 0.38 0.46 0.51

1st st. >3% >3% 0.36 0.40 0.50 0.56 0.60 0.62 2.69 >3% 0.30 0.38 0.29 0.35 0.47 0.52

Mean 0.40 0.44 0.41 0.46 0.51 0.57 2.07 3.06 0.38 0.43 0.37 0.42 0.50 0.56

COV % 0.12 0.12 0.17 0.19 0.15 0.18 0.23 0.3 0.23 0.20 0.31 0.25 0.12 0.12

Max 0.47 0.51 0.50 0.56 0.60 0.67 2.69 >3% 0.51 0.55 0.54 0.58 0.59 0.65

Min 0.36 0.40 0.33 0.36 0.41 0.44 1.63 2.37 0.30 0.37 0.29 0.35 0.46 0.51

Referring to the values of drift obtained as the maximum value of the response for
the three accelerograms, the same trend was found, with the exception of DCP methods
in the x-direction, which is able to ensure the most uniform inter-story drift distribution
characterized by the smallest COV = 8%. It must be emphasized that such results are
obtained with a similar material usage for DPC and BQC methods and a volume 40%
smaller for the CAD method.

It is noteworthy that, in the context of NLRHA, most of the international seismic
codes require that a bidirectional seismic excitation is applied to the structure [41], with
the two-time history in the x- and y-directions to be non-correlated. In this context, the
debate on the methods of selecting natural accelerograms [46] and generating artificial ones
is still open.

Then, the bare frame and the three previously designed frames were analyzed by
NLRHA with bidirectional input, modeled by generating, by the same method previously
described, three other samples of the input, each of which was used to model the second
component of the input acting simultaneously with those previously used for monodirec-
tional input.

The values of the mean and the maximum total and inter-story drift in the x- and
y-directions obtained by NLRHA for bidirectional input are reported in Table 8. For the
bracing systems, inter-story drifts are also represented graphically in Figure 11.

Figure 11. Mean and maximum inter-story drift for NLRHA bidirectional input (a) x- direction
(b) y-direction.
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It is noteworthy that for bidirectional input, for the bare frame, both the total and all
the inter-story drift in the x-direction overcame the 3% that is conventionally assumed as
an overestimated failure drift. In the y-direction, the values approached (and sometime
overcame also) the 2% that is a more realistic estimation of the failure drift for a non-
earthquake-resistant frame design. Therefore, the results highlight that the BF is not able to
cope with the seismic action thus modeled.

Regarding the behavior of the DBF, for all the design methods, the mean total drift
was always smaller than the design one (0.5%). However, none of the methods were able to
ensure an inter-story drift smaller than that of the design in the y-direction at the fourth
story, and an exceedance of the limit was also found at the first story in the x-direction for
both the BQC and CAD methods.

The comparison with the values for monodirectional input shows that for the bare
frame, the effects of the bidirectional input are extremely relevant since the structure is
loaded in conditions close to collapse even for unidirectional input, and a slightly more
demanding seismic action is able to cause its collapse. For the DBF, the total and inter-story
drift averages for the three design methods and the two response directions are only slightly
increased with respect to the ones for the one-directional input. Variations of roughly 3.9%
for the mean values, 3.0% for the total drift maximum values, and 5.5% and 4.5% larger for
the mean (among the stories) inter-story drift and mean and maximum values (among the
three accelerograms) were obtained. The largest variation was found for the CAD design
method and the x-direction of the response.

5. Effect of Repeated Seismic Action

In the updated application of seismic strengthening, great importance is now given
to the evaluation of the effects of repeated seismic actions, which have already been high-
lighted in the past by several researchers [36–38], both with reference to the effects of
damage in determining the behavior of the structure related to a seismic action of intensity
comparable to that previously suffered (design earthquake) and in producing an accumu-
lation of damage. Recently, this issue returned to favor [73] in life cycle assessment [74]
and assessing the resilience of structures [75,76]. None of the methods analyzed consider
this aspect in defining the characteristics of the dissipative bracing system. By contrast,
past [77,78] and recent [79–81] studies have demonstrated that self-centering braces have
the ability to foster structural resilience by decreasing residual drift, accumulating damages
induced by major earthquakes and repeated events.

With the aim of highlighting the paramount role that this aspect must play in the
design techniques of dissipative bracing systems, in this section, the effect of a second
seismic event of intensity and characteristics equal to the first on the behavior of the
analyzed structure is evaluated. To model this effect, at the end of the first event, whose
total duration was t = 35 s, a time interval of ∆t = 5 s was considered, during which the
system was not forced, and the oscillations caused by the first event were exhausted. At 40 s,
the former event with 35 s time duration was applied again, with a direction opposite that
of the former. This choice was motivated by the desire to avoid the effects of the residual
drift at the end of the first event being unrealistically amplified by the second event.

In Figure 12a–h, the total drift in the x- and y-directions for the BF and the three
DBF are reported for one sample for each direction of the seismic action. In Table 9, the
increment of the maximum drift caused by the repeated seismic action with respect to the
maximum value obtained by the correspondent single accelerograms is reported both for
the total and the inter-story drift.

Figure 12a,b show that, for the BF, the effect of the repeated action of the earthquake is
tragic. The damage accumulated during the first event makes the structure unable to cope
with the action of the second event, and after 20 s from the beginning of the second event,
namely for t > 60 s, the structure breaks, with drift >3%, both when the earthquake has
x- and y-direction. The results in Table 9 prove that the columns of almost all the stories
undergo failure.
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Figure 12. Effects of the repeated seismic action on total drift of bare and braced frames in x and y
direction; (a,b) bare frame, (c,d) DPC braced frame, (e,f) BQC braced frame, (g,h) CAD braced frame.

Table 9. Increment of total and story drift (%) due to repeated seismic action.

X-Direction Y-Direction

Total 1st st. 2nd st. 3rd st. 4th st. Total 1st st. 2nd st. 3rd st. 4th st.

BF Failure 0.8 Failure Failure Failure Failure Failure Failure 1.40 0.63

DPC 0.08 0.02 0.00 0.23 0.12 0.15 0.08 0.00 0.00 0.00

BQC 0.05 0.06 0.05 0.07 0.09 0.00 0.05 0.00 0.00 0.02

CAD 0.14 0.00 0.00 0.29 0.15 0.22 0.64 0.00 0.03 0.01

By contrast, the response of DBFs depicted in Figure 12c–h show that, thanks to the
stability of the hysteresis cycles of the dissipative devices, the DBBs are able to contain the
response to repeated action within sufficiently low drift values. Only the DBF designed
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with the CAD method exceeded the design total drift, reaching 0.59% due to an increase
of 0.14% in the x-direction and a total drift of 0.7% due to an increase of 0.22% in the
y-direction. The same increase of 0.15% recorded in the y-direction for the DPC does not
cause the exceeding of the limit threshold of 0.5% since the displacement due to the first
seismic event in this case was only 0.32%.

The analysis of the inter-story drift increases shown in Table 8 highlights a strong
undesired increase in the drift at the first story for the DBF designed with the CAD method
(+0.64%), which for the earthquake in the y-direction reaches 1.14%, highlighting a condition
of potential failure. For this method, drifts of the third and fourth stories also reach 0.87%
and 0.62%, respectively, for earthquakes in the x-direction.

The increases observed in the DBFs designed with the DPC and CAD methods are
small and were found to exceed the design inter-story drift only at the third story for the
DPC method and input in the x-direction (inter-story drift = 0.67%) and at the first story for
the BQC design method and input in the y-direction (inter-story drift = 0.60%).

The results shown above highlight that, as is well known, RC frames without anti-
seismic construction details are strongly prone to repeated seismic actions. The use of
dissipative braces allows protection of the structure from the effect of repeated seismic
actions. A careful analysis of the time histories in Figure 12a–h highlights that the increases
in damage in DBFs are generated by the residual drift that occurs after a seismic event or
even just a segment of the accelerogram of high amplitude. Many studies in the literature
have highlighted that this effect can be mitigated, if not eliminated, by using dissipative
re-centering braces [22,77,79–81]. Lastly, it must be remarked that the chosen input model,
consisting of accelerograms generated as samples of a stationary process in amplitude
and frequency in the strong-motion phase lasting 25 s, tend to overestimate the energy
transmitted to the structure compared to that of a real event. This effect is particularly
relevant if the response to two successive seismic events of the same intensity is evaluated.

Finally, considering the possible extension of these results in a broader context, it
is worth noting that studies concerning seismic retrofit techniques of existing structures
cannot ignore the characteristics of the structure to be retrofitted. The structure examined
here can effectively represent the characteristics of a large number of structures built in
the 1970s throughout a significant part of Southern Europe, the area of North Africa and
South America, and probably in a wider geographical area. Moreover, the structure was
chosen so that, once the intervention was carried out, the strengthened structure could
be classified as a rigid structure with a vibration period lower than that of the end of the
constant pseudo-acceleration branch in the response spectrum. For these structures, the
analyzed design methods provided different indications on the estimate of the maximum
expected displacement and therefore different design outcomes. The findings may not
be directly applicable to other types of buildings or regions with different construction
practices and seismic demands.

6. Conclusions

Three design methods were analyzed for the seismic strengthening design of rein-
forced concrete frames using braces equipped with dissipative devices. The comparison of
the performances was performed by the strengthening of a spatial frame structure with
typical characteristics representative of the design and construction common practice of the
1970s in Southern European countries. The chosen methods are characterized by different
approaches for two key points of the design process: (i) procedures for estimating the peak
displacement response of the nonlinear systems, namely the well-known equal displace-
ment rule and the equivalent (secant) stiffness and damping rule, and (ii) the distribution
of stiffness and resistance in elevation and in plan, namely stiffness and resistance distribu-
tion proportional to the characteristics of the structure to be strengthened or stiffness and
resistance distribution in such a way as to correct the irregularities in plan and in elevation
present in the structure.
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The performance of the three braced frames was compared by means of POA and
NLRHA. The results allow us to draw the following conclusions:

• The two different procedures of bilinearization and displacement estimation applied to
rigid systems (T < Tc), even through different mechanical and dynamic parameters, led
to predicted displacements similar to each other. However, when they were applied
to systems with dissipative braces characterized by parameters that account for the
energy dissipation capacity of the structure βζ = 1, the ED2 procedure, based on
the equivalent damping, provided a smaller assessment of the displacement demand
than the EDR1 procedure, based on modification of the “equal displacement rule” for
stiff systems;

• All the three dissipative braces-design methods allowed obtaining an efficient design
of the dissipative braces that was able to avoid significative damage on the frame
to be strengthened. Increases in the stiffness by about 10 times and in the strength
between 7.5 to 3.7 times depending on the design method and reductions in the
displacements in a range between 31% and 42% compared to the values of the original
frame were found;

• The DCP method, when it leads to designing a rigid braced system (TDBF < Tc),
was found particularly conservative due to the over-conservative assessment of the
displacement demand for structures with T < Tc based on the equal energy rule;

• The CAD method can lead to an unconservative design of the dissipative braces since
it is aimed at obtaining systems with the minimum possible stiffness because of the
choice of a constant inter-story drift equal to the design maximum value. The effect
of repeated seismic action stresses these circumstances. However, a gain in the used
material of roughly 40% with respect to the other method highlights that the method
has strong potential but requires improvement to be able to account for the effects of
bidirectional inputs and repeated seismic events;

• The BQC method provides a reasonable solution based on the choice of limiting the
inter-story displacement of the weakest floor to the maximum design value. However,
it can produce an over-sizing of the braces on all the other floors. The method is
not suitable for effective application to structures with high irregularity in elevation,
where oversizing could be particularly relevant;

• In this regard, both the DCP and CAD methods try to regularize the structure: the DCP
method ensures that the floor stiffness of the braced structure satisfies the limits of
regularity in elevation of the Italian Regulatory Code [43] by containing the variations
in stiffness and resistance within pre-established limits. The CAD method sizes the
braces in relation to the stiffness of the structure to be reinforced so as to obtain
constant inter-floor displacements for the braced structure. The effectiveness of these
choices was demonstrated by the significant reduction in COV of inter-story drift
guaranteed by the two structures;

• The variation in stiffness along the height, together with the realistic estimate of the
maximum expected displacement, allows the CAD method to reduce the material
used for the braces by about 40% compared to the other two methods. In terms of
cost, it should be noted that the material is only a part of the overall cost of the seismic
strengthening intervention;

• All the methods considered do not take into account the effects of the variation in
the axial stress generated by the braces on the stiffness, resistance, and ductility of
the columns of the reinforced concrete frame, which can be particularly relevant for
undersized columns and in the case of reduced transverse confining reinforcements.
This circumstance can make the behavior of the lower floors, whose columns are
affected by the maximum variation in the normal stress, not always easy to predict.

Based on the results obtained, it can be concluded that the BQC method is the most
effective for structures that, when strengthened with dissipative braces, present a vibration
period included into the pseudo-constant acceleration branch of the spectrum, provided
that the structures to be adjusted do not present significant irregularities in plan and height.
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This superior performance is guaranteed in the face of a 40% increase in the material used
for the braces compared to the CAD method but with a lower increase in axial actions on
the columns.

In the presence of large irregularities in elevation in the structure to be strengthened,
the CAD method is to be preferred since, in addition to being based on simple relationships
and allowing a reduction in the material usage for the braces, it is aimed at eliminating
or mitigating such irregularities. However, it should be noted that these considerations
cannot be considered general since they were verified on a single case study.

Finally, it should be noted that the definition of complete criteria and methods for
the design of seismic retrofitting interventions using dissipative braces requires further
studies and in-depth analyses. In this context, the following topics are considered to be
of primary importance but do not constitute an exhaustive list: (i) study of the influence
of the displacement demand assessment technique adopted on the global stiffness and
resistance of the dissipative bracing system, in which particular emphasis should be placed
on strengthened structures that have a vibration period lower than that of the end of the
branch of the response spectrum at constant pseudo-accelerations; (ii) calibration of the
global resistance of the bracing system, which must be aimed at identifying the lower limit
threshold capable of ensuring the reduction in the design displacement and minimizing
the variation in the axial force in the columns (limiting the increase in compression and
avoiding the risk of generating tensile actions in the columns); (iii) definition of the laws of
variation in stiffness and resistance of the braces along the height of the structure, reducing
or eliminating the irregularities in elevation, which may better allow the structure to be
strengthened; (iv) definition of clear criteria for the in-plan placement of the braces, which,
respecting the architectural requirements, can mitigate the in-plan irregularities that may
be present in the structure to be analyzed; the optimal placement should aim at reducing
the variations in the axial force in the columns in relation to the different capacities of axial
resistance and plastic deformation of the columns and also in relation to the capacity of
the foundations to cope with such variations in the actions transmitted by the columns;
and (v) investigation of the effect of repeated seismic action, residual drift and damage
accumulation, and equipment of dissipative braces with self-centering devices.
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Abbreviations
Following Notations are used in this paper:

xxx = (DBF = dissipative braced frame; BF = bare frame; DB = dissipative braces)
d*

el Displacement demand of elastic SDOF
d*y,xxx Yield displacement of SDOF xxx structure
dy,xxx Yield displacement of MDOF xxx structure
d*u,xxx Ultimate displacement of SDOF xxx structure
du,xxx Ultimate displacement of MDOF xxx structure
d*max Displacement demand of nonlinear SDOF
d*max, xxx Displacement demand for the equivalent SDOF of the xxx
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dR2
max, xxx

Displacement demand for the MDOF xxx evaluated according the equivalent
damping (ED2) procedure (procedure 2 of the Italian Building Code [35])

T Fundamental period of vibration of MDOF system
T* Period of vibration of SDOF system

Tb, Tc
starting and the ending abscissa of the flat branch of the pseudo-acceleration
response spectrum

T*eff,xxx, Effective fundamental period of vibration of the xxx structure
m* Mass of equivalent SDOF system
ϕ1,i Eigenvector of the first mode of the MDOF system
Γ1,BF First-mode transformation factor
Fy,xxx Yield force of MDOF xxx
F*y,xxx Yield force of SDOF xxx
F*u,xxx = F*dmax,xxx Ultimate strength of the xxx SDOF system
Ki,xxx i-th story stiffness of the MDOF xxx structure
k*,xxx Elastic stiffness of SDOF xxx
k* Post-yielding stiffness of SDOF system
µBF* Maximum ductility of equivalent SDOF bare frame
µDB Design ductility of dissipative bracing system
µ*T,BF Target ductility of the bare frame
T* j

DBF Equivalent period of the SDOF DBF at the j-th design iteration
k*j

DBF Total elastic stiffness of the SDOF DBF at the j-th design iteration.
Vbmax Maximum base shear of MDOF system
Vb,y Yielding base shear of MDOF system
E*H Energy absorbed (area under the force–displacement curve) by SDOF system
βζ Coefficient representing energy dissipation capacity of the system
ζeq Equivalent damping ratio of the linearized system
nd Number of the braces at each story
np Number of story
HT Total height of the frame
∆di Inter-story displacement at the i-th story
∆T Total drift
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