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Abstract: The use of braces equipped with dissipative devices for the seismic strengthening of seismically
prone reinforced concrete frames is among the most widespread methods, as it allows for high reductions in
seismic vulnerability with inexpensive, quickly executed interventions, which can often be carried out mainly
by the exterior, resulting in interruptions of use 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 capable of
highlighting the structural deficiencies of the building and comparing the performances achievable by
developing designs 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 performance of three different
design methods is compared. The examined procedures differ for: methods for estimating the peak
displacement response of the nonlinear systems, namely the well-known Equal Displacement Rule and the
Equivalent (secant) stiffness and Damping rule; and criteria for distributing stiffness and strength of the bracing
along the height, namely the distribution of stiffness and strength proportionally to those of the frame, and
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 is checked by static pushover analysis and
nonlinear response history analysis, performed by unidirectional and bidirectional input. Pros and cons of each
procedure are summarized, all of them able to provide bracing designs that meet the performance requirements
set during the design phase.

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

1. Introduction

The evolution of the principles of seismic design of reinforced concrete structures introduced
with capacity design has highlighted the need to seismically adapt many of the reinforced concrete
frame structures designed in the 1960s and 1970s in the absence of specific rules for earthquake-
resistant structures. Seismic strengthening techniques are very diversified [1], as the choice of
intervention 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—
10], confinement interventions in the areas of potential formation of plastic hinges [11,12], increase of
column sections through jacketing [13], connection and reinforcement of non-structural elements
such as infill panels [14]. When the structure is equipped with construction details that are insufficient
to guarantee the limitation of the loss of resistance due to seismic action [15] and adequate ductility
and dissipative capacity, the introduction of damping devices capable of dissipating most of the
energy transmitted by the earthquake is one of the most common solutions for new and retrofitted
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structures [16-28]. When the structure as a whole, is provided with insufficient stiffness and
resistance to horizontal actions, the use of bracing is one of the most historically widespread solutions
[22,29-31]. However, their design must take into account the risk of an excessive increase in normal
stresses on the columns, combined with the increase in the actions transmitted to the foundation. In
this context, the use of bracing with uniaxial hysteretic or friction dissipative devices, or buckling
restrained braces, allows to overcome the above-mentioned problems, in the latter case making the
design of the stiffness and resistance of the bracing practically independent [32-35]. Bracings
equipped with hysteretic dissipative devices are able to significantly reduce interstory drifts and
dissipate large amounts of energy, preserving the frame elements from plasticization.

In this field, since the 1990s, dissipative bracing design techniques have been proposed, which
using the evolution of the method for predicting the seismic response of framed structures, have
produced efficient procedures aimed at solving the main issues that arise during the design phase.
Namely, the main issues to be solved in the design of the dissipative bracing are: - choice of the
performances that must be guaranteed; - design of the global values of stiffness and resistance of the
bracings; - distribute the stiffness and the resistance of the bracing in elevation and in plan (this issue
is critical for in elevation or in plan irregular structures); - perform the executive design of the
individual bracings and dissipative devices in relation to the specific characteristics.

With reference to the performances to be guaranteed, given the high stiffness and the great
dissipative capacities that dissipative braces are able to guarantee, from the first formulations [32] to
the more recent ones[16,17,19,36,37] the braces are designed in such a way as to avoid the
plasticization of the elements of the pre-existing frame and the damage of the non-structural
elements.

Since the formulation of the first methods [32], the use of an equivalent SDOF for the evaluation
of the global stiffness and resistance values to be assigned to the bracing systems has proven to be
among the most effective techniques and is therefore used in almost all procedures. In this regard,
recent seismic codes [38-40] provide two procedures for estimating the peak displacement response
of the nonlinear systems, namely the well-known Equal Displacement Rule (suitably modified in the
field of rigid structures) EDRI, or on the basis of the substitute structure procedure proposed by
Shibata and Sozen [41], according to which the displacement of a nonlinear MDOF structure can be
estimated, consistently with the equivalent linearization technique [42], by evaluating the peak
displacement of an elastic SDOF with equivalent (secant) stiffness (or vibration period) and damping
ED2.

Regarding the distribution of stiffness and resistance in elevation and plan, two are the most
followed approaches: - distributing stiffness and resistance proportional to the characteristics of the
structure to be strengthened [19,43]; - distributing stiffness and resistance in such a way as to correct
the irregularities in plan and elevation present in the structure [17,44,45].

In more detail, several researchers [46—49] implemented the Direct Displacement Based Design
(DDBD) procedure [50,51] to design the dampers. The procedure proposed by Kim and Choi [46]
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 their plastic deformation, 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 have maximum displacements equal to the target
displacement.

Mazza and Vulcano [48]proposed a design method based on Displacement-Based Design (DBD)
for the design of dissipative bracing in such a way that required performance, namely the control of
interstory drift, can be achieved when subjected to earthquake motion. The braces are designed at
each story by means of a proportional stiffness criterion, in which the stiffness of braces is selected
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proportional to those of the unbraced frame. To this aim, an iterative approach has been adopted to
assign the ratio of these stiffnesses depending on the strength of the unbraced frame.

Di Cesare and Ponzo [17] developed a procedure to design the mechanical characteristic of
dissipative bracing for RC structure. In this procedure, the displacement on the top story is assumed
as a control parameter, and to control the interstory drift the stiffness and strength of each story is
modified accordingly along the height of the building. The procedure was applied to different case
studies. From the results, it was found that the hysteretic energy dissipative bracings were effective
to obtain the required performance of the structure, confirming the efficiency of the proposed
method. The method also highlighted the criteria’s to avoid unnecessary overloading on structural
members.

Ferraioli and Lavino [18] proposed a design method aiming at improving the procedure of
Mazza et al. [16], established on Displacement Based Design (DBD) by using the capacity spectrum
method. The proposed method addressed some critical point that were not incorporated in the
previous methods, like damped braces and frame interaction that produces an increment of the axial
load in the columns of the frame with consequent decreasing of the available ductility, torsional
effects in asymmetric buildings, effects of soft story, the 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 Frame (MRF) to Concentric
Braced Frames (CBF), as well as the effects of the higher vibration modes in high-rise frames.

The proposed procedure is divided into two parts: one is concerned about the design of
dissipative bracings and defining the position and properties in the second, the design force pattern
is varied in order to incorporate the higher mode contributions. In order to check the validity of the
design method, nonlinear time history analysis has been performed on a plane RC frame and then on
a real school building; the results showed the effectiveness of the structure in addressing the
aforementioned issues. Adaptive pushover analysis was performed to accurately estimate the target
displacement, as it is important because due to the introduction of the damped brace, the axial force
in the column increases, resulting in a reduction of deformation capacity. It was also found that the
procedure is able to distribute the damper stiffness and strength properly along the height of the
structure and thus gives uniform story drift distribution, resulting in the reduction of interstory drift.

Bruschi et al. [19] proposed another procedure for seismic upgrading of a structure using
dissipative bracing based on the concept of the equivalent elastic high damped SDOF system, having
equivalent viscous damping and secant stiffness at the performance point. Initially, a step-by-step
procedure is performed to evaluate the global properties of the damped bracing system that includes
the determination of the main capacity curve of the frame by pushover analysis, then a target
displacement has been identified and a tentative equivalent SDOF bilinear curve of the braced frame
is constructed; then an iterative procedure has been 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 response spectra. Once the global parameters
of the equivalent SDOF are found, stiffness and strength of the bracing are distributed along the
height of the structure proportionally to the characteristic of the frame to be strengthened. Then the
damped bracing is positioned within the story of the structure.

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 1970’s 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 details, the two
procedures, namely the procedure proposed by Di Cesare and Ponzo [17] based on the equal
displacement rule EDR1, and the procedure proposed by Bruschi et al. [19] based on the Equivalent
Damping approach ED2, are chosen since they are characterized by a balance between the simplicity
of the method and the effectiveness of the resulting design.
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2. Design Methods

Most of the design method for retrofitting frames by inserting dissipative bracings integrates the
pushover analysis of the multi-degree-of-freedom (MDOF) model of the bare frame (F) with the
response spectrum analysis of equivalent single-degree-of-freedom (SDOF) systems, initially to
estimate the global nonlinear displacement response of the frame to be strengthened. Then the
strengthening dissipative braces are designed by setting a required performance goal, usually
identified with a maximum total or interstory displacement. Then the global parameters of the SDOF
braced frame are converted into thoseof the corresponding MDOF, and the stiffness and the strength
of the bracing 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 evaluation of the characteristics and the displacement
demand of the SDOF equivalent system; - the criteria and the methods used to distribute stiffness
and strength of the bracing in elevation. In the following, the two aforementioned methods in
literature that exemplify the main strategies applied are compared with a very simple and
straightforward method, 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) [17]

This method, according the prescription of EC8 [38,39], is characterized by the modeling of the
equivalent SDOF by an elastic-perfectly plastic system (post-yielding stiffness k#=0), with elastic
stiffness k corresponding to the secant stiffness at
60% of the maximum base shear of the actual MDOF, and strength evaluated by imposing that the
area under the actual pushover curve is equal to the area under the equivalent elastic-perfectly plastic
curve, as prescribed in [40]. Aiming at determining the displacement demand of the nonlinear
system, initially an elastic equivalent SDOF is defined, which represents the dynamic characteristics
of the first vibrating mode of the actual multi degree of freedom system; then the Equal Displacement
Rule (Figure 1b), i.e., displacement demand of nonlinear SDOF d*ux equals to the displacement
demand of elastic SDOF d'a is used having for SDOF having period of vibration T* >T. (Tv and T
being the starting and the ending abscissa of the flat branch of the pseudo-acceleration response
spectrum that characterized the input), while the conservative equal energy rule [50,51] is assumed
for T* <T¢; according to the latter assumption, the displacement demand is amplified by a coefficient
a,i.e. dpg, = da*a, being a=(q*+1)/(2q*) derived by the equal energy criteria between the static
representation of the response of elastic and elastic-perfectly plastic system (a=1 for T* >T).
Regarding the distribution of the stiffness and strength of the dissipative bracing along the height of
the structure, the initial tentative distribution is proportional to the elastic stiffness of the bare frame.
Correction are imposed if the ratio of total stiffness of two consecutive floor Kipsr/Kiw1,08r exceeds 0.3
or is less than -0.1, and the ratio A4p=pi/pi1 is not in the range 0.8< Api <1.2, p Vipsr/Videsign being the
ratio between the i-th story 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 height of
the braced building according to seismic code regularity criteria [40], consistent with the criteria in
[38]. This aims at resulting in a uniform distribution of displacements and controls the maximum
interstory 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* = Yi-; m; ¢, ;, being m= the story mass, and ¢, ; the eigenvector of the first mode
in the relevant direction, normalized with respect to top story component, the Iisr =
(m*/ Xy m; ¢%,). Thus, equivalent SDOF force F* and displacement d* parameters are obtained from
the attendant values of the actual MDOF parameters by division for first mode transformation factor
Isr,i.e. yield force (Fy* = Vi /I1), yield displacement (dyss* = dysr/ I1) and ultimate displacement
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dusr® = dupr [ I1, as detailed in Annex-B of [37], while the elastic stiffness (ksr* = Fy,sF* / dysr*) or
maximum ductility ( usr* = dusr* / dy,sr*) are the same of equivalent SDOF and actual MDOF.

Step 2 involves evaluating the properties of the equivalent SDOF system of the dissipative
braced frame. An iterative procedure should be performed separately for each main direction. The
damped bracing (DB) system is idealized as an elastoplastic system defined by the yield force (Fps),
elastic stiffness (kos), and design ductility (uos).

T > Te
Step 1: Evaluate the equivalent SDOF system of bare frame

" p .
K. F o Mo DBF (Elastic)
J P08+ o]

F ¥.DBF|
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Figure 1. DCP design method. a) Flowchart; b) Equivalent bilinear curves.

Given a maximum displacement dmaxpsr* for the equivalent SDOF system of the braced frame
DBF under the Basic Design Earthquake (BDE), the target ductility x*rsr of the existing bare frame
(BF) is defined by:

*
dmax,DBF %

< Upr (€))]

HUT BF d;,BF

If the design goal is for the structure to remain elastic (7= 1), then dmapsr* must be less than
or equal to dysr*. Otherwise, if a limited inelastic capacity is allowed, the target ductility (u*) can
range from 1.5 to 3, depending on whether the mechanism is brittle or ductile, respectively. In this
case, dy,sr* <dmax,0BF* < du,BF*.

Assuming a design ductility ups for the equivalent SDOF bracing system (DB), 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,p8* is calculated by:

% __ “max,DBF (2)

y.DB =
Upp

At the jt step of an iterative procedure, the equivalent period Tps* , the total elastic stiffness

ks of the DBF structure, are determined by means of the idealized elastoplastic behavior of the
braced structure using Eqs (3a) and (3b).

. d;
Tohe = 21 |—220 (3a)
a Se (TDB’F
*J m*
Kppp = 4m2 — (3b)
TDBF

where ¢=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 = kypr — kgr, and
the yield force of the dissipative bracing as F,},; = ks d; pp-
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If in Equation (3a), Tps* <T is found, a new idealized bilinear curve have to be evaluated on the
basis of the force displacement curve obtained by the sum of the contribute of the actual bare frame
and the properties of the dissipative bracing at the jth iteration, thus evaluating F,’}.. and the
attendant value of the behavior factor at the jth iteration evaluated as

M Se(Tppr

*J
J
E y,DBF

(4)

and the iterative procedure starting from equation (3a) with the updated value of a should be
performed.

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

The proposed procedure suffers from a) the conservative estimate of the displacements 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 (%=1.2 not taken into account in
this work); b) 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 [40] are not satisfied. Such correction, desired to correct
the elevation irregularities of structures not designed for seismic actions, should be provided for
already in the design phase of the bracing system; c) an approximate evaluation of the resistance of
the frame at each floor obtained on the basis of the secant stiffness obtained in correspondence with
an unspecified level of the external seismic action

2.2. Bruschi, Quaglini, and Calvi Method (BQC) [19]

The main differences of the previous procedure with that proposed in [19] depend 1) on the
method for evaluation of the displacement demand based on the equivalent damping. The equivalent
damping is evaluated on the basis of the hysteretic behavior of dissipative bracing and existing bare
frame, as defined in procedure 2 of the Italian Building Code [40], according to a concept widely
acknowledged in the literature proposed by Shibata and Sozen [41]; 2) 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; 3) according to item 2),
the distribution of the stiffness and resistance characteristics of the dissipative braces are proportional
to those of the frame.

Regarding the 1+t issue, the equivalent bilinearized SDOF system differs from the one described
in the previous procedure by the stiffness of the elastic branch, which here is settled as the initial
elastic one rather than the secant value at 0.6 Vimxas done in the previous procedure, and the shape
of the second branch, which is characterized by a post-elastic stiffness Ku>0, evaluated together with
the displacement demand d*m.x and the yielding force F*, on the basis of the following relations:

g = 2T |0 (5a)
(7érs) * Ceq
X 63.7 X (Fy X dyge— Ef X dj
g = .8{ ( y max u y) +5 (5b)
Bl X dhax
2 E; —F; d;
d* — H u “‘max (5C)

v k diax — Fu
being T, the effective period evaluated on the basis of the effective stifness, i.e. secant stiffness
kep=F*./d*max, E*n the energy absorbed (the area under the force-displacement curve) by the actual
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SDOF system up to the demand displacement, and f; a coefficient that reflects the energy
dissipation capacity of the system, that is settled f;=1, 0.66, 0.33 for structures with high, medium,
or low damping capability respectively, the latter depending on the stability of the hysteresis cycles.
Equation 5c is obtained by imposing that the area under the equivalent bilinear curve is equal to E*x.
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
ADRS in Figures 2b and 2, as follows:- the main capacity curve of the bare frame is evaluated using
static nonlinear analysis, and the MDOF 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 to the dissipative bracing. 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 Adimapr/hi in the range 0.5% + 0.75%, being
hi the inter-story height of the ith story; thus, the target value of the top story displacement of the DBF
is evaluated as

d _ Adi,max,DBF
maxp5F = - (6)
max|¢y; — ¢,
Step 1: Evaluate of Parameters of equivalent SDOF system of Bare Frame F‘t — MDOF
Kur. V' yar o’y a5 e
o .
e P .
— Step 2: Evaluate of Parameters of Damped Brace and Damped Braced Frame =
y.BF
| ey —
I dyax pir
T.-Jf(r.m =2 ’7,“[
v w.DBF
P, 17 s 10
Amax.pBr = = rd
" (7err) 54 Ziner d*
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o, .
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Figure 2. BQC design method. a) Flowchart; b) Equivalent bilinear curve; c) Design method
representation in the ADRS.

The target top story displacement of the DBF is converted in the target displacement d;,;, ppr =
Amax,ppr/T1 of the DBF equivalent SDOF, and the capacity curve of SDOF system is converted into
equivalent bilinear curve with hardening. Then, the characteristic parameters of the equivalent DB
system are designed depending on the design value of the dissipative bracing ductility
o=y q. ppr/dy pp, and the equivalent damping of the damped brace { *eps=63.7 (uos-1)/ ups. The
latter can be chosen in the range 4< ups <10, according to the dissipative device technology. Then, the
equivalent viscous damping {*«spr, yielding displacement dj ppr , and ultimate strength Fy; ppp of
the DBF SDOF equivalent system, i.e. the strength at the maximum displacement F;y, =Fg__ .
(xx=BF,DB,DBF) are determined by the iterative procedure based on equations 5,6, 7a-d, as follows:

*,j _ % *,j—l
Fu,DBF =Fiprt Fu,DBF (7a)
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8
* j-1 *,j—1
j _ (eq,BFFu,BF + (eq‘DBFu‘DB 7b
$eqpBF = Seq,BF 4 el (7b)
y,BF u,DB
i m* m*d;,
J _ _ max,DBF
Tersper =27 PR zm o (7¢)
eff u,DBF
. Sz (Tpan? 10
dmax,DBF - R 5 7 (7d)
(Teff) + {qpBF
. fj F*vj ( B
F*J _ %eq,DBF "u,DBF— eq,BF “u,BF (76)
uw,DB Zeq,DB

When the suitable damping and yield strength of the braced frame has been determined, the
strength of the SDOF dissipative bracing Fy pp is obtained as Fjzr = Fy; ppr — Fy pr. Thus, for each
brace, the strength F); ,p (equation (8)) and stiffness k;pp (equation (9)) has been determined as

follows:
v M X b X (I} X Fipp) 8
yi,DB 271:1 mj % ¢j 1 y,.DB ( )
I7 X Fypg
k. = Y, 9
LB ng (p; — ¢i—1)d, ppCos?a;; ©

being 14 the number of the bracing at each story, and auj the inclination of the jth bracing of the it story.

The BQC procedure is particularly efficient for regular bare frame, 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 bracing
due to the choice of designing the strengthened structure with the same modal shape as the bare
frame, assuming a highly precautionary design displacement of the braced structure in the presence
of a marked irregularity in the structure to be strengthened (see eq.6), characterized by a value of
¢1; — @11 much larger than 1/n, (1, being the number of story), a value that would characterize the
behavior of a structure designed to exhibit a constant interstory drift.

2.3. Simplified Method (CAD)

A simplified method is derived in order 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
with the previous method, besides using elementary relations that are easy to understand by the
common practitioner, lies in the desire to obtain for the braced structure a displacement profile
characterized by constant inter-story drift along the height. The procedure aims at obtaining uniform
damage in the presence of earthquakes of unexpected intensity, and to reduce the amount of material
used for the braces.

According to the simplified procedure, characterized by a flowchart and a representation in the
ADRS shown in Figure 3a and 3b respectively, once the design drift 4: is chosen, the target
eigenvector of the BDF structure is settled as ¢, ;=zi/Hr, being zi the height of i*" story above the level
of application of the seismic action, and Hr the total height of the frame. The target displacement is
evaluated as d, 4, ppr= 4 * Hr, the mass of the equivalent SDOF as m* =}, m; z;/Hr, and the first
mode transformation factor I'ips=m*/[Y, m; (z;/Hy)?]. In order 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
seismic force “triangular”, i.e. proportional to the product of mi * zi. Then, the design of the stiffness
of SDOF bracing system DB is performed on the basis of the modified Equal Displacement Rule
(EDR1) suggested by the [38] and Italian seismic codes [40] d,qxper=deippr fOr Tppr = T, or the
amplified value dpgyppr = Acode derppr beING Acoqe = [1+(q"— 1D T/Tpsrl/q", for Tpgr <T.
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The value of behavior factor g*should be chosen in order to optimize the dynamic behavior and limit
the variation of the axial force induced by the braces in the columns of the frame. To optimize the
dynamic behavior, g*should be chosen in the range 3<q*<10 for Tpzr = T, (as suggested by [22],
where recommended values are in the narrowest range 4 <q*<6), while in order to mitigate the
expected increment of the displacement demand for Tppr <T,, q =15+ (qjim —
1.5) (Tppr — Tg)/(T¢ — Tg) (according to [22] a limit recommended value is q;;,,=3). Thus, the design
values of the period of vibration and the yielding strength of the SDOF DBF can be evaluated as

follows:
d*
max,DBF
Topr =21 |~ (a)
a Se(Tppr)
* *
X _m'S, (Tpgr) 9b
YDBF = T (9b)
q
Step 1: Evaluate the Equivalent SDOF System of Bare Frame
K*, Fynr ﬂ}”-
Step 2: Defining the Parameters of the Braced Frame
Ad $1i=1r  dpnarpor=ta Hr Bt Togr<Te
L) — Su((=5%)

Step 3: Parameters Required for Damped Brace Frame

d

. max,DEF
Topr =21 |——

@ Se(Tpgr)
q=Smasosr . oqe ST a=1 FF\:'IDBF i
= per = e = y.0B i m*Sy{Tp .
o . . e " e I At di- ) _ Fd:rrux.BF
1 Thgr < T, a=[1+(q" - 1)T/Tparl/q A |
o= m'Se(Tppe) L d
NOBF = T 7 .
q i i ;
voa Wl o8f 0" g A

Step 4: Design Parameters of MDOF Damped Braced Frame

E;'r.. m; 2 fhy Ty m*Se(Tpge)

k =
L.DBF S "
oy My Zg [Hy hy Ay
kips = kippr — k«sw,.;on
n - T. ‘ax® .
o i Ejeim;zj Ty, m'Se(Tpge) V.
yiLDBE = Tn x i(dyidp)BF
s=1 My Zg q ;

Figure 3. Simplified (CAD) design method. a) Flowchart; b) ADRS representation.

Once the global parameters of the SDOF DBF have been evaluated, the stiffness k; pp and the
strength V,; pp of the actual MDOF DB system 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 latter kisr, dyis should be evaluated in correspondence of the design
value of the inter-story drift at the yielding of the brace dyips. Thus, the following expressions are
obtained:

n *
. _ Xj=imiz; Tiam
i,DBF = T
Ys=1Mszs hiAg

Se(Tosr) (10a)

kipg = kippr — ki,BF,dyiDB (10b)

v D=y 7 T m'Se(Topre)
o5 =
s Z?zl mS ZS q

~ Yi(dy;qp).BF (10c)
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(10c)

One iteration to evaluate Vy;ps can be required.

3. Case Study
3.1. The Reinforced Concrete Moment Resistant Frame

To compare the effectiveness and the damage distribution obtained by designing the dissipative
bracing according the three previous described methods, the seismic response of a building is
analyzed that can be considered representative of design and construction common practice of the
1970’s 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 reinforcement details
of the building are coherent with the construction practice of the time: no particular seismic detailing
provisions are considered, preferential mechanisms for inelastic dissipation are not assumed, and no
specific ductility or strength provisions are assigned.

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: two with a 5 m span and one with
a 2.5 m span in x-direction, and constant 5m span in 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. Equal beams, in terms
of geometry and reinforcement, are arranged in all floors. The columns, except for the wider interior
one, present uniform geometric characteristics along the height of the structure. The stocky column
features a rectangular cross-section measuring 0.60 m x 0.25 m on the first and second storys, and
0.50 m x 0.25 m on the third and fourth storys.

Figure 4 illustrates also the geometric characteristics of the beams, and the reinforcement details
are reported in Table 1. 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. Columns reinforcement splices and stirrups details reflect the typical lack of confinement
seen in non-ductile reinforced concrete structures from 40 years ago.

Table 1. Details of cross section of the main structural elements.

Longitudinal rebar (mm) Transversal rebar
Cross
sect End of | Middle of
Element 1st-2nd floor 3rd-4th floor
mm X elem. elem.
mm
Column 1 400 x 6dh2 6/15 6/15
bo 12 o o o
200
Column 2 600 x 6d16+2dp 12 6/15 6/15
8d16+2¢d 12 b b b b
250
Column 3 400 x 6d12 6/15 6/15
so 12 ¢ ¢ ¢
200
Column 4 300 x 612 6/15 6/15
612 ¢ ¢ ¢
200
1st-4th floor
Section 1 Middle Section 2
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End of | Middle of
Top | Bottom | Top Bottom Top Bottom
elem. elem.
Longitudinal 250 x 20 2016 2¢ | 2912+2 | 3¢ 2912 $8/10 $8/20
beam 1 500 16 12 b 16 16
Longitudinal 250 x 3¢ 2012 2¢ | 2912+2 | 2¢ | 2¢p16+2 | $8/10 $8/20
beam 2 500 16 12 b 16 16 $12
Longitudinal 250 x 29 2012 29 2912 2¢ 3912 $8/20 $8/20
beam 3 500 16 12 12
Transversal 200x | 4¢ 2612 4¢ 2¢12 4¢ 2¢12 $8/10 | ¢8/10
beam 500 16 16 16

The longitudinal reinforcement of all four columns includes a lap splice (70 cm) at the base of
the 1st story and another at the base of the 3rd story. Consequently, at the base of the 1st story column,
the reinforcement is duplicated, and at the base of the 3rd story, there is an overlap of the nominal
reinforcement with that from the lower story.
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Figure 4. Plan and section of: a) Bare frame (BF); b) Dissipative braced frame (DBF).

3.1. The Design of the Dissipative Bracing

Dissipative bracing are designed to withstand seismic action characterized by a type 1, ground
type B {=5% damped elastic response spectrum [38] defined by the following parameters: peak
ground acceleration ag=0.35g (g= gravity acceleration), soil amplification factor S=1.2, Tv=0.15 sec and
T=0.5 sec limits of the constant spectral acceleration branch, Te=2 sec 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 equivalent either SDOF or MDOF system are estimated. To 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 y-direction).
They are shown in Figures 5a and 5b, respectively. Then, according to the two previously mentioned
procedures, namely elasto-perfectly plastic bilinearization + “equal displacement rule” procedure
(denoted as EDR1 procedure) or elasto-plastic with hardening bilinearization+ equivalent damping
procedure (denoted as ED2 procedure), the parameters that characterize the bilinear curves are
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evaluated and reported in Table 2, where the displacement demand d,,,, - assessed by the two
methods is also shown. Moreover, in Table 3 the results that characterize the behavior of each story
are shown, the latter evaluated corresponding to the BF yielding displacement estimated according
to procedure EDRI1.

The Figures show that the spatial frame has a slightly larger maximum strength in the x-direction
(719 kN) than in y-direction (639 kN), and a pronounced softening behavior in the y-direction
characterizes the post-elastic behavior, with no residual strength for displacement of 220 mm. It is
noteworthy that, from the data referring to the EDR1 method in Table 2, the structure has similar
stiffness in x and y-direction (slightly larger in x-direction), but different equivalent strength (633 kN
in x-direction, while only 460 kN in y-direction), due to the pronounced softening behavior in y-
direction. Thus, EDR1 and ED2 assessed similar required displacements in x-direction, namely 194
mm and 183, while the ED2 method cannot be applied in 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 it can be noticed a reduced
value of the yielding displacement at the first story. Lastly, in Figure 6, the frame configurations at
the displacement demand for the EDR1 method are shown. They stress that in x-direction a soft story
mechanism at the 3 story is expected, while in y-direction the collapse mechanism involves large
displacement at the 1+t story.

Pushover curves - Y Direction Pushover curves - X Direction
700

—BF

600 «+BF bilin 1 700

500

200

—BF

100 ~BF bilin 1

BF bilin 2

0
0,000 50,000 100,000 150,000 200,000 0,000 50,000 100,000 150,000 200,000
& [mm] & [mm]

Figure 5. Pushover curve of bare frame in a) x-direction; 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; Klggll),m) = equivalent stiffness; Kg;z;z)= ultimate

secant stiffness.

BF
PROCEDURE- KSR dysr | Vysr | dmaxsr | Vimaxsr | Tod
dir (kKN/mm) | (mm) (kN) (mm) (kN) (sec)
EDRI1-x 14.39 44,1 633 194 633 1.16
ED2-x 7.44 323 697 183 530 2.53
EDR1-y 13.59 33,9 460 202 460 1.23
ED2-y * * * >220 * *
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Table 3. Main characteristics of each story of the bare frame.
Direction X Direction Y
Story . pi pi Vyi s
) Seismic
helght . ki,BF ki,BF Vyi,BF ki,BF ki,BF (kN) dyi,BF
Story weigth % (mm) %
hi (kN) (kKN/mm) i-1BF | (kN) (KN/mm) i-1,BF (mm)
(m) (%) (%)
1st 3.2 1844 52.89 0.889 846 16.0 43.15 0.923 710 9.79
2nd 6.4 1844 47.01 0.685 636 135 37.67 0.860 613 16.2
3th 9.6 1844 32.23 0.872 434 13.5 32.41 0.873 525 16.3
4th 12.8 1881 28.11 327 11.6 30.09 294 16.5

il
muny

1 il
P N -

'l:- — Y — Y

\\. .

A\ [ A 10

Figure 6. Pushover curve of bare frame in a) x-direction; b) y-direction.

The three above mentioned design methods are applied, assuming a design interstory drift
Daesign=0.5% corresponding to the damage limit state of the Italian building code, namely 16 mm.
Thus, according to the assumption of constant interstory drift that characterizes the DPC and CAD
procedures, design top story displacements of 64 mm are assumed for both of them in both directions,
while 52 mm and 51 mm design top story displacements in the x and y-directions respectively, are
assumed for the BQC procedure, according to Equation 6. Regarding the dissipative bracing strength,
a design ductility of the braces mps=4 is chosen for the DPC and the BQC method, as suggested by
the authors in references [17] and [19], while a limit value of the behavior factor gin=3 for the CAD
method is assumed [22]. 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 bracing, reported
in Figure 4b, it must be emphasized that in x-direction, at each story two couples of bracing of the
same dimensions and sliding force are designed in the wider bays of the external frame, arranged in
order to minimize the variation of the axial force in the columns. In y-direction, at each story, two
bracings are placed in the 2nd and 3rd bays of the frame containing column 2, while one bracing is
placed in the 2nd bay of the frame containing column 3; the latter has a stiffness and strength equal
to 2/3 of each of the previous ones, in order to ensure that, at all the story’s, 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.
Table 4. Stiffness and sliding forces of the bracing DB for the three design methods.
DPC BQC CAD
Stor Kla)chir V;fgg KgBdir Vy dir KgBdir V;fgg KgBdir Vy dir Kla)chir V;c'gig KgBdir Vy i
(Kn/m | &N | Ko/m | 7% | n/m | &N | Koym | 7% | Ko/m | &N | Kn/m | 7P°
y (kN) (kN) (kN)
m) ) m) m) ) m) m) ) m)
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. 240 169 440 210 480 2200
" 905 4 687 2427 779 3 655 1779 4
. 218 153 395 197 433 2035
g 629 3 585 2160 542 8 558 1583 6
- 168 118 312 154 333 1547
509 6 556 1625 438 7 530 1191 5
4th 492 919 536 873 424 647 511 640 169 835 179 834

4. Results and Discussion
4.1. Pushover Analysis

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

The Figures 7a and 7b and the results in Table 5 highlighting that for all design methods, the
DBF equivalent period of vibration in EDR1 procedure is smaller than T.. DPC design method
provide the dissipative bracing with the larger stiffness and strength of the three methods, despite
the design displacement is larger than that of the BQC method. This is due to the over-conservative
estimation of the increment of displacement for stiff (T<T¢) nonlinear system with respect to elastic
one due to the assumption of equal energy rule. The CAD method provide the smaller stiffness of the
system, exploiting the assumption of the largest top story design displacement, while the assumption
of a procedure based on the force method to establish the frame strength results in an intermediate
strength between those provided by DCP and BQC design methods. The EDR1 procedure asses larger
displacement demand than ED2, with the exception for the structure designed by the BQC method
in the y-direction, with an average reduction of approximately 10%. Regarding the different design
methods, averaging the displacement in x and y-direction, the DPC method provide the smallest
mean value of the displacement, irrespective to the bilinearization procedure; the assessed
displacement is 22% and 41% larger for BQC and CAD method respectively, according to EDR1
procedure, while is 77% and 61% larger according to ED2 procedure.

Pushover curves - X Direction Pushover curves - Y Direction
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Figure 7. Pushover curve of dissipative braced frames in a) x-direction; b) y-direction.
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Table 5. Characteristics of the equivalent DBF-MDOF system for different design and bilinearization

procedures.
DPC BQC CAD
EDR1 | ED2 | EDR1 | ED2 | EDR1 | ED2 | EDR1 | ED2 | EDR1 | ED2 | EDR1 | ED2
Des. PROC
X X y Yy X X Yy Yy X X Yy Yy
K lng)F 169 | 857 | 166 | 50,2 | 170 | 39.8 | 138 | 749 | 121 53
202 | 165
(kN/mm)
dy ppr (KN) 238 | 114 | 171 | 158 | 143 | 128 | 132 | 126 | 257 | 190 | 22.7 | 193
V. ppr (KN/m 259 | 2896 | 262 | 2372 | 202 | 2264 | 201 | 3547 | 295 | 2733 | 237
4800
m) 2 2 3 7 2 3
A maxpBF 48,0 | 333 | 48.6 | 48.0 | 505 | 60.6 | 54.6 | 462 | 60.1 | 52.3
33,1 | 27.8
(mm)
459 | 2896 | 285 | 2372 | 240 | 2264 | 240 | 3547 | 346 | 2733 | 277
Vinax,ppr (KN) | 4800
4 6 6 9 3 6
TB*éj) (sec) 031 | 034 | 035 | 053 | 034 | 062 | 035 | 061 | 036 | 051 | 039 | 0.61

In order to compare the effect of the different distribution of stiffness and strength along the
frame height assumed in the three design methods, in Figure 8 the interstory drifts assessed by
pushover analyses assuming a total drift of 4:=0.5%, namely a top story displacement of 64 mm, are
depicted

For all the three design methods, and for both directions, the interstory drifts at the upper story
are small, and it is roughly the 50% of the design interstory drifts 4=0.5%. The drift distribution along
the frame height provided by the BQC procedure, for which the bracing sizing along the height is
designed without no one technique for bare frame irregularity correction, is the more non-uniform,
with larger drifts at the first story that it reduces almost linearly for the upper floors. the DPC and
CAD method provide a more uniform distribution of the interstory dritfts along the height in x-
direction, while in the y-direction the first story drifts is significantly larger than the expected one,
and an almost linearly reduction for the upper floors is also detected for these two methods.

The unexpected non uniform distribution of the interstory drifts obtained by CAD method can
be attributed to three phenomena that are neglected in (all) the design method(s): the variation in the
stiffness and strength (and ductility) of the frame columns due to the variation in the axial load
generated by the braces; the variation in the distribution of stiffness along the height compared to the
design values generated by having to

Inter Storey Drift (%) X-Direction Inter Storey Drift (%) Y-Direction
R 0,26 =BQC Er 0,25 ©BQC
4 (oW e e 0,26 4 (e e 0,26
e poCe — 25 mDCP
= CAD HCAD
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3 e RN N NN NN NN R045
. I 0,35
£
& E 210,60
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1, 0,49

- 0,84 E 40,68
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Figure 8. Interstory drift assessment for dissipative braced frames by pushover analysis in a) x-
direction; b) y-direction.
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use commercial profiles of the braces, which do not reflect the design areas; the influence of
displacements due to axial deformations of the columns, which are non-negligible in a structure with
columns with reduced cross-sectional area.

4.2. Non-Linear Response History Analysis (NLRHA)

The reliability of the three design methods is compared by nonlinear response history analysis.
To this aim, initially for each direction three samples of quasi-stationary accelerograms, i.e.
accelerograms with stationary energy content at the different frequencies but with amplitude
modulated by a trapezoidal window function [52], are generated accordingly the procedure
described in [53], to be compatible with the response spectrum described in the previous section. In
Figure 9 the response spectra of the samples and the mean one are compared with the target spectrum
showing that the procedure provides accelerograms with mean elastic response spectrum slightly
larger than the target spectrum in the period range of constant spectral acceleration branch, and they
fulfill the requirement than the mean spectrum is not less than 90% of the target spectrum for any
period. The choice to use generated accelerograms, instead of more realistic recorded accelerograms,
isjustified by the desire to avoid the uncertainties linked to accelerograms with very different spectra
from each other.

1,6

e Target
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=9 Target
1,2 e Mean

—— Sample

—
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(o]

0 0,25 0,5 0,75 1 1,25 1,5 1,75 2
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Figure 9. Elastic response spectrum of the generated accelerograms vs target spectrum.

Aiming at evaluating the effects of bidirectional input on the seismic response of reinforced
concrete frames retrofitted with dissipative bracing, two set of analyses are 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 x or y-direction, the mean and
the maximum values of total and interstory drift obtained by NLRHA for are reported in Table 6.
Interstory drift values are also represented graphically in Figure 10.

With reference to total drift, all the 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 drifts 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 x e y-direction, respectively.

The CAD method lead to design the weakest dissipative bracing, resulting in maximum total
drift close to design one both in x and y-direction, namely 0.45% and 0.5% respectively. Notice that,
as a consequence of the seismic excitation modeling, a relatively small difference between maximum
and mean value of the response is found on average equal to 9.1%, with maximum values of 14% for
CAD frame in y-direction.

Regarding the interstory drift, all the methods are unsuccessful in limiting it at the 1st story for
input in y-direction, resulting in maximum value of 0.58% for CAD , 0.56% for BQC, and 0.54% for
DCP methods; CAD method is the only one that is unsuccessful in limiting the interstory
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displacement in the x-direction also, resulting in interstory drift maximum values of 0.59% at the 3¢
story, 0.52% at the 1%t story, and 0.51% at the 4t story.

In order to analyze the distribution of interstory drift along the height of the frame, in Table 6
the values of the mean, Coefficient of Variation (COV), minimum and maximum values of the
interstory drift among the four story are also evaluated. Referring to the values of drift obtained as
mean value of the response at the three accelerograms, the CAD method is able to ensure an almost
uniform distribution of the drift along the story of the frame, with COV limited to 8% and 7% in the
x and y-direction respectively, significantly smaller than their counterparts for the two other design
methods, namely equal to 11% and 15% for DPC, and 11% and 23% for BQC.

Referring to the values of drift obtained as maximum value of the response at the three
accelerograms, the same trend is found, with the exception of DCP methods in x-direction, that is
able to ensure the most uniform interstory drift distribution, characterized by the smallest COV=8%.

It is noteworthy that, in the context of NLRHA, most of the international seismic codes requires
that a bidirectional seismic excitation is applied to the structure [38], with the two-time history in the
x and y-direction to be non-correlated. In this context, the debate on the methods of selecting natural
accelerograms [43] and generating artificial ones is still open.

Table 6. Mean and maximum total and interstory drift for NLRHA for one directional input in x or
y-direction.

Drift in x-direction Drift in y-direction
DCP BQC CAD DCP BQC CAD
Story | Mean | Max | Mean | Max | Mean | Max | Mean | Max | Mean | Max | Mean | Max
Total 036 | 037 | 036 | 040 | 042 | 045 | 034 | 037 | 034 | 038 | 0.44 | 0.50
% 4 037 | 041 | 030 | 031 | 048 | 051 | 030 | 036 | 029 | 035 | 046 | 0.50
_; 3 045 | 047 | 037 | 042 | 049 | 059 | 033 | 040 | 033 | 0.41 | 045 | 049
% 2 038 | 041 | 041 | 048 | 042 | 045 | 033 | 036 | 034 | 039 | 047 | 0.53
= 1 034 | 039 | 041 | 049 | 050 | 052 | 046 | 054 | 052 | 0.56 | 0.53 | 0.58
Mean | 038 | 042 | 037 | 043 | 047 | 052 | 035 | 042 | 037 | 043 | 048 | 0.53
COV%| 120 | 81 | 143 | 197 | 72 | 113 | 195 | 201 | 276 | 220 | 71 7.3
Max 045 | 047 | 041 | 049 | 050 | 059 | 0.46 | 0.54 | 052 | 0.56 | 0.53 | 0.58
Min 034 | 039 030 | 031 | 042 | 045 | 030 | 036 | 029 | 035 | 045 | 049

Inter Storey. Drift (1) X-Direction (Unl Directional Input) Inter Storey Drift (%) Y-Direction (Uni Directional Input)
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Figure 10. Mean and maximum interstory drift for NLRHA for one directional input in x or y-
direction.

Now the three previously designed frames are analyzed by NLRHA with bidirectional input,
modelled by generating, with the same method previously described, three other samples of the
input, each of which is used to model the second component of the input acting simultaneously with
those previously used for monodirectional input.
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The values of the mean and the maximum total and interstory drift in x or y-direction obtained
by NLRHA for bidirectional input are reported in Table 7. Interstory drifts are also represented
graphically in Figure 11.

It is noteworthy that for bidirectional input none of the method is able to ensure a interstory drift
smalled than the design one in the y-direction at the 4t story, and an exceedance of the limit is also
found at the first story in x-direction for both the BQC and Cad method.

The comparison with the values for monodirectional input show that the total and interstory
drift, on average for the three design methods and the two directions of response, are only slightly
increased with respect to the ones for one directional input, with variation that are roughly the 3.9%
for the mean values, and 3.0% for the total drift maximum values, and 5.5% and 4.5% larger for the
mean (among the storys) interstory drift mean and maximum values (among the three
accelerograms). The largest variation is found for the CAD design method and the x-direction of the
response.

Table 7. Mean and maximum total and interstory drift in x or y-direction for NLRHA for bidirectional

input.
Drift in x-direction Drift in y-direction
DCP BQC CAD DCP BQC CAD
story | Mean | Max | Mean | Max | Mean | Max | Mean | Max | Mean | Max | Mean | Max
Total 038 | 040 | 037 | 039 | 046 | 0.62 | 036 | 038 | 033 | 037 | 046 | 0.49
‘?é 4 042 | 045 | 033 | 036 | 051 (055 | 051 | 055 | 054 | 058 | 0.59 | 0.65
F§\ 3 0.47 | 051 | 040 | 050 | 052 | 0.67 | 037 | 040 | 032 | 0.37 | 0.50 | 0.55
% 2 037 | 040 | 040 | 043 | 041 | 044 | 035 | 037 | 033 | 038 | 0.46 | 0.51
:g 1 0.36 | 040 | 050 | 0.56 | 0.60 | 0.62 | 0.30 | 0.38 | 0.29 | 0.35 | 0.47 | 0.52
Mean | 040 | 044 | 041 | 046 | 051 | 057 | 038 | 043 | 037 | 042 | 0.50 | 0.56
COV% | 012 | 012 | 017 | 019 | 015 | 018 | 023 | 0.20 | 031 | 0.25 | 0.12 | 0.12
Max 0.47 | 051 | 050 | 056 | 0.60 | 0.67 | 0.51 | 0.55 | 0.54 | 0.58 | 0.59 | 0.65
Min 036 | 040 | 033 | 036 | 041 | 044 | 030 | 037 | 029 | 035 | 0.46 | 051

Inter Storey Drift (%) X-Direction (Bi Directional Input)

IR T 0,306
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Figure 11. Mean and maximum interstory drift in x or y-direction for NLRHA bidirectional input.

5. Conclusions

Three design methods have been analyzed for the seismic strengthening design of reinforced
concrete frames using braces equipped with dissipative devices; the comparison of the performances
of a spatial frame structure with typical characteristics representative of design and construction
common practice of the 70’s in Southern European countries was performed. The methods are
characterized by two different approaches: - procedures for estimating the peak displacement
response of the nonlinear systems, namely the well-known Equal Displacement Rule and the
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Equivalent (secant) stiffness and damping rule; - distribution of stiffness and resistance in elevation

and plan, namely distributing stiffness and resistance proportional to the characteristics of the

structure to be strengthened or distributing stiffness and resistance in such a way as to correct the
irregularities in plan and elevation present in the structure.

The performance of the three braced frames was compared by means of pushover analysis and
non NLRHA. The results allow us to draw the following conclusions:

. The two different procedures of bilinearization and displacement estimation, applied to rigid
systems (I<Tc), even though different mechanical and dynamic parameters, lead to predicting
displacements similar to each other; however, when applied to systems with dissipative braces,
characterized by parameter that account for the energy dissipation capacity of the structure
B;=1, the ED2 procedure, based on the equivalent damping, provide smaller assessment of the
displacement demand than EDR1 procedure, based on modification of the “equal displacement
rule” for stiff system.

e All the three dissipative bracing design methods allows to obtain an efficient design of the
dissipative bracing, able to avoid significative damage on the frame to be strengthened; the DCP
method, when it leads to designing a rigid braced system (Tpsr<Tc) is found particularly
conservative, due to the over conservative assessment of the displacement demand for structure
with T<T: based on the equal energy rule.

e  The CAD method can lead to unconservative design of the dissipative bracing, since it is aimed
at obtaining systems with the minimum possible stiffness, as a consequence of a choice of a
constant interstory drift equal to the design maximum value.

e BQC methods provide a reasonable solution, based on the choice of limiting the interstory
displacement of the weakest floor to the maximum design value; however it can produce an
over-sizing of the bracing on all the other floors; the method is not suitable for effective
application to structures with highly irregularity in elevation, where oversizing could be
particularly relevant.

e In this regards, both DCP and CAD methods try to regularize the structure: - DCP method by
imposing that the floor stiffness of the braced structure satisfies the limits of regularity in
elevation of the Italian regulatory code, imposing that the variations in stiffness and resistance
are contained within pre-established limits; CAD method by sizing 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-floor movements guaranteed by the two structures.

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

Following Notations are used in this paper:

A max Displacement demand of nonlinear SDOF
da Displacement demand of elastic SDOF
T* Period of vibration of SDOF
m* Mass of equivalent SDOF system
¢ Eigenvector of the first mode
I'1,8r First mode transformation factor
Fy* Yield force of SDOF
dyBr* Yield displacement of SDOF bare frame
dyBE Yield displacement of MDOF bare frame
duBF* Ultimate displacement of SDOF bare frame
dupe Ultimate displacement of MDOF bare frame
kar* Elastic stiffness of SDOF bare frame
BF* Maximum ductility of equivalent SDOF bare frame
kos Elastic stiffness of damped bracing system
Fos Yield force of damped bracing system
UDB Design ductility of damped bracing system
dmaxppr*  Maximum displacement for the equivalent SDOF braced framed
T BF Target ductility of the bare frame
T psr™i Equivalent period of braced frame
ke pBr®/ Total elastic stiffness of the braced frame structure at the j-th iteration step
Viomax Maximum base shear of MDOF
E*n Energy absorbed (area under the force-displacement curve) by SDOF system
B; Damping Coefficient representing energy dissipation capacity of the system
na Number of the bracing at each story
1p Number of story
Hr Total height of the frame
Aa Design inter storey drift
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