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Abstract. The use of hysteretic damped braces (HYDBs) is an effective and low-cost solution
for the seismic retrofitting of reinforced concrete (RC) framed structures. However, notable
damage to nonstructural elements can be observed at the serviceability design earthquake
(SDE), when too high activation forces of the HYDBs are designed in order to attain structur-
al safety (SS) performance level at the basic (BDE) and/or maximum considered (MCE)
earthquakes. On the other hand, HYDBs designed at the immediate occupancy (I1O) perfor-
mance level prevent nonstructural damage of Mls under SDE but may collapse and/or induce
structural damage for high intensity seismic loads, due to their early activation which renders
them unable to develop large energy dissipation. Aim of this work is the proposal of a multi-
objective displacement-based design procedure, where viscous damped braces (VDBs) and
HYDBs calculated for 10 at the SDE are combined with HYDBs ensuring SS at the MCE. A
six-storey RC framed structure, representative of the residential building stock in Italy prior
to the 2008-2018 code changes, is to be retrofitted in a high risk-seismic region supposing
that is preliminarily designed in L’Aquila (Italy) for moderate seismic loads. The OpenSEES
platform is considered for the nonlinear dynamic analysis of the original and retrofitted
structures. RC frame members are modelled with lumped plasticity elements while the shear
behaviour of the beam-column joints is modelled by means of a scissor model. Masonry infills
uniformly distributed in elevation are modelled with a simplified diagonal pin-jointed strut
model taking into account the in-plane failure modes. HYDBs are modelled with truss ele-
ments characterized by a bilinear force-displacement law, without considering the flexibility
of the supports, while nonlinear force-velocity law is considered for VDBs. Nonlinear dynam-
ic analysis is carried out considering three stripes of real records, corresponding to the SDE,
BDE and MCE seismic levels assumed in the current Italian code.
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1 INTRODUCTION

The use of hysteretic damped braces (HYDBs), based on a plastic deformation mechanism
(e.g. axial, bending, shear, torsion) or a combination of some of them, represents an effective
and low-cost solution for the seismic retrofitting of reinforced concrete (RC) framed struc-
tures [1]. However, notable damage to non-structural elements (e.g. masonry infills, false ceil-
ings and suspended piping) can be observed at the serviceability design earthquake (SDE),
when too high activation forces of the HYDBs are considered in order to improve structural
performance level at the basic (BDE) and maximum considered (MCE) earthquakes [2, 3]. To
overcome this problem, dampers working as fuses can be inserted as sacrificial elements in
order to prevent damage of non-structural elements [4], by means of an in-parallel combina-
tion of different typologies of dampers [5, 6], or alternatively damping and stiffness properties
of dampers arranging in-series minor and major cores can be modulated to different seismic
intensity levels [7]. A multi-objective design procedure is proposed in the present work,
where viscous (VDBs) and hysteretic (HYDBs) damped braces calculated for immediate oc-
cupancy (I0), at SDE, are combined with HYDBs ensuring structural safety (SS), at MCE. To
this end, a displacement-based design procedure already proposed in previous works [8-10] is
applied, also including the loss of capacity of the existing structure due to previous seismic
damage [11-12].

A six-storey RC framed building, representative of the Italian residential housing stock
during the 1990s in a medium-risk seismic zone, is assumed as test structure for the numerical
investigation [13]. This structure is supposed to be retrofitted by inserting HYDBs and VDBs
to attain 1O (e.g. no damage to masonry infills, Mls, at SDE) and SS (e.g. limited damage to
structural elements at BDE and collapse prevention of HYDBs at MCE) performance levels
imposed by current Italian seismic code (NTC18) in a high-risk seismic zone [14]. Specifical-
ly, five structural arrangements of damped braces are compared: only HYDBs designed at
MCE,; in-parallel combination of VDBs and HYDBs designed at SDE and MCE, respectively,
possibly with gap-hook elements acting in series with the HYDBs so as to delay their activa-
tion at SDE; in-parallel and in-series combinations of small and large HYDBs designed at
SDE and MCE, respectively, without and with a gap-hook element positioned in parallel with
the small HYDBs, so as to stop their deformation at MCE. Nonlinear dynamic multi-stripe
analyses of the original and retrofitted structures are carried out with the OpenSees code [15],
considering three different set of records selected and scaled in line with SDE, BDE and MCE
intensity levels provided by NTC18 [16]. Brittle and failure mechanisms of the original struc-
ture are modelled, considering: a lumped plasticity model for RC frame members, with flex-
ure- or shear-controlled moment-chord rotation at the critical end sections; a scissor model
with rigid offsets for shear behaviour of the beam-column joints; a diagonal pin-jointed strut
model for MIs, taking into account their in-plane failure modes.

2 DISPLACEMENT-BASED DESIGN PROCEDURE OF DAMPED BRACES

A multistep iterative Displacement-Based Design (DBD) procedure of HYDBs, proposed
in previous works [8-10], is extended for the seismic retrofitting of RC framed structures with
dual hysteretic-viscous and hysteretic-hysteretic damped braces designed at both SDE and
MCE, with or without a gap-hook element to avoid activation of small and large dampers at
MCE and SDE, respectively.

As first step, the pushover curve of the original structure (V-d) is converted to that of an
equivalent SDOF system (V'-d") and a piecewise linear fit of the initial backbone curve is de-
termined by an ensemble of N pairs of bilinear elastic-perfectly plastic and elastic-softening
damage laws [12]. Then, the damaged backbone curve that envelopes the hysteretic behaviour
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of the equivalent SDOF system subjected to seismic loads is evaluated from nonlinear dynam-
ic analysis of the combined plastic-damage hysteretic model. The monotonic and cyclic dete-
rioration of plastic and damage mechanisms is described by a damage loading index ‘¥ [11],
expressed as function of an ever-increasing curve whose shape depends on a degradation rate
parameter (e.g. €=0.5). A weighting coefficient (e.g. Cw.=0.25) distinguishes the effect of dis-
placements less or greater than the previous maximum values (d’max) in the same loading di-
rection, while a damage coupling parameter (e.g. Ccq=0.5) accounts for the influence of the
energy dissipation under positive and negative forces on negative and positive values of the
loading variable. Finally, the hysteretic energy dissipation of the degraded frame (nr) and the
effective stiffness (Ke ) related to the performance displacement (d*,) can be evaluated, while
elastic viscous damping of the framed structure (e.g. &,r=5%) can be assigned (Figure 1a).
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Figure 1. SDOF systems equivalent to the original structure (a), hysteretic (b) and dual hysteretic-viscous (c, d)
and hysteretic-hysteretic (e, f) damped braces.

In order to design hysteretic (Figure 1b) and dual hysteretic-viscous (Figures 1c,d) and
hysteretic-hysteretic (Figures le,f) damped braces at MCE, an iterative procedure is imple-
mented in the acceleration-displacement response spectrum (ADRS) shown in Figure 2,
where the bilinear capacity curve of the original structure is represented with a solid blue line.
An initial value of the equivalent viscous damping ratio of the damped braced frame (i.e.
EepBE>EvF +EnF) is tentatively assumed at the selected performance displacement (d”p) corre-
sponding to MCE, starting from 5% damped spectrum (solid black line). Then, effective vi-
bration period (TepermcE) of the retrofitted structure is determined on the reduced ADRS
spectrum (dashed black line), starting from the trial performance point corresponding to the
target displacement value, so allowing the calculation of effective stiffness Keps(=Ke,per—Ke,F)
of the equivalent DB at MCE (i.e. DB1). Once ductility demand (ups1) and hardening ratio
(rp1) of DB1 are assigned, it is possible to calculate the bilinear capacity curve of the damped
brace (solid red line in Figure 2) and its viscous damping (&n,pB1) equivalent to the hysteretic
energy dissipation:

(MCE) (/uDBl _])'(]_FDBI)
(%)= 63.7 (1)
“hon Hppi |:1+VDB1 '(/uDBl - ]):'
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Finally, an updated value of the equivalent viscous damping of the retrofitted structure can
be evaluated, being V', and V', pg1 strength values of the original frame and damped brace
at d*p, respectively:
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Figure 2. Design procedure of the hysteretic and dual hysteretic-viscous and hysteretic-hysteretic damped braces
in the acceleration-displacement response spectrum at MCE.

In a similar way, viscous (Figures 1c,d) and hysteretic (Figure le) dampers at SDE, in par-
allel with the hysteretic damped brace previously designed at MCE (DB1), may be evaluated
with an iterative process in the ADRS corresponding to SDE (Figure 3). At this point, the ad-
mitted target displacement (dpspe) and first equivalent viscous damping ratio (&epgrspe) of
the retrofitted structure will be considered in the evaluation of effective vibration period
(Te,pBE,sDE) corresponding to dashed black line in Figure 3. Keeping in mind that the effective
stiffness of DB1 is already known from the bilinear capacity curve corresponding to d*pspE,
the effective stiffness (Ke,pg1) of the additional damper (e.g. hysteretic in Figure 1e) for small
deformation (DB2) can be determined by a simple subtraction (Ke,p2=Ke per—Ke,pB1—Ke ). It
is worth highlighting that contribution of DB1 disappears when it is attached in series to a
gap-hook element (Figure 1c¢), so avoiding its action at SDE.
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Figure 3. Design procedure of the in-parallel hysteretic-viscous and hysteretic-hysteretic damped braces in the
acceleration-displacement response spectrum at SDE.

Once viscous damping equivalent to the hysteretic energy dissipation of DB2 is evaluated
(&n,pB2) as function of the assigned values of ppp2 and rpg2 (see Equation (1)), an updated val-
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ue of the equivalent viscous damping can be obtained for the retrofitted structure

(SDE) 1,*(SDE) (SDE) 1,*(SDE) (SDE) 1,*(SDE)

é:(SDE) 0= + hEF 'Vp,F +é:h,DBI 'Vp,DBI +Z—':h,DBZ 'Vp,DBz 3

e,DBF( %) wF V* SDE) | V*(SDE) + V*(SDE) ( )
pF p,DB1 p.DB2

depending on strength values, at the performance displacement d”p spE, for the original frame
(V'pr) and hysteretic DB1 (V*,pg1) and DB2 (V' pg2). Moreover, the expression
(SDE) 1,*(SDE) (SDE) 1,*(SDE)
ég(SDE) %)=&+ é_r(SDE) +5h,F 'Vp,F +§h,DB] 'Vp,DB1 4
e,DBF( %) ¥a VDB J/ *SDE) |/ *(SDE) ( )
pF p.DB1

corresponds to viscous damped brace (VDB) at small deformation combined with DB1 at
large deformation (Figure 1d), with the further simplification

SDE, _ SDE, SDE,
fe(,DBI)T (70) = 5V,F +§!£DB) + EICF ! (5)

when DBI1 is also combined with a gap-hook mechanism (Figure 1c¢).

As an alternative, in-series combination of hysteretic-hysteretic dampers (Figure 1f) may
be considered adopting the iterative design process described in the ADRS corresponding to
SDE (Figure 4), where the gap-hook mechanism acts as a very stiff end-stroke stopper that
limits deformations of DB2 at the SDE threshold while ensuring that the energy dissipation at
MCE is entrusted to DB1. This time, a starting value of the displacement of DB1 (d"pps1) is
tentatively assumed at the selected performance displacement (d*p) at SDE, such to obtain as
difference the displacement of DB2 (d".pe2=d",—d ppB1). Effective stiffness of both dampers
(DB1+DB2) can be evaluated as function of the strength V', pgi(=V p,pB2) corresponding to
d*poBI

*(SDE) *(SDE)

©pE) _ " pDBI_ | 1r(spE) _ ¥ p.DBI

K, psi [/ *ODB) * B2 sDE) (6a,b)
p.DBI p.DB2

and from these ones the total stiffness
K SPE) | g (SDE)

(SDE) _ (SDE) ¢,DB1 e,DB2
Ke,DBF KLF + K(SDE) +K(SDE) (7)
e,DB1 e,DB2

and effective period (Tepgr,spr) of the retrofitted structure are derived. In order to determine
the corresponding equivalent viscous damping ratio & pBr,spg, curve passing through the trial
performance point is drawn in Figure 4 (solid green line).
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Figure 4. Design procedure of the in-series hysteretic-hysteretic damped braces in the acceleration-displacement
response spectrum at SDE.
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On the other hand, equivalent viscous damping ratio is analytically evaluated with the ex-
pression

(SDE) *(SDE) (SDE) *(SDE)
6 ’ d + gh,DBZ ' dp,DBZ ) *(SDE)

(SDE) _1,*(SDE) ( hDBI ~ % p.DBI
5h,F Vp,F + d*(SDE) N d*(SDE) p.DBI
(SDE) 10,y — p.DB1 p,DB2
Cennr (P9 = Cop F D0 4 600 ®)
pF p.DB1

and an iterative process is triggered until graphical and analytical values are the same.

Finally, vertical distributions of the (elastic) lateral stiffness of the HYDBs and damping
coefficients of the nonlinear VDBs are evaluated proportionally to the interstorey drift and
design storey shear of the original structure, respectively. Further information is contained in
previous papers [8, 17], which complete the necessary detailing of the work.

3 ORIGINAL AND RETROFITTED TEST STRUCTURES

A six-storey RC framed structure (Figure 5a), representative of the residential buildings
constructed in Italy during the 1990s, is selected from the RINTC project [13]. It is located in
L’Aquila and designed as bare frame for a medium-risk zone, in line with provisions of the
Italian code DM86 [18], assuming concrete with cylindrical compressive strength of 25 MPa
and steel reinforcement with yield strength of 430 MPa. Columns with rectangular cross-
section, oriented as shown in Figure 5b, are tapered along the height, considering: 0,3%0,6 m?
at the first two levels; 0,30x0,5 m? at the third and fourth levels; 0,3x0,4 m? at the fifth and
roof levels. The structure has deep beams along the perimeter and in the knee configuration of
the staircase, with cross section 0,3x0,6 m? at the first two levels and 0,3x0,5 m? at the other
four levels, while flat beams are considered for all internal frames, with cross-section 0,6%
0,25 m? and 0,8x0,25 m? (the latest marked with an asterisk in Figure 5b). Masonry infills
with a double leaf (0,08 m, external layer, and 0,12 m, internal layer) of hollow clay bricks
are uniformly distributed along the height, with a percentage of openings depending on the in-
plan architectural layout: i.e. 0%, MLB in brown; 22%, MLY in yellow; 40%, MI.O in orange;
100%, MI.G in green. Further details can be found in [13].
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Figure 5. Original test structure (unit in m).

The seismic retrofitting of the original test structure is carried out by the insertion of chev-
ron damped braces, with vertical distribution and in-plan arrangement shown in Figures 6a
and 6b, respectively. Five structural configurations of damped braces are compared: i.e.
HYDBs designed at MCE (Figure 6b); two in-parallel combinations of VDBs and HYDBs
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designed at SDE and MCE, respectively, with (Figure 6¢) and without (Figure 6d) gap-hook
elements attached in series with HYDBs; in-parallel and in-series combinations of small and
large HYDBs designed at SDE and MCE, respectively, without (Figure 6¢) and with (Figure
61f) gap-hook elements attached in parallel with the small HYDBs. The deformability of the
supporting chevron steel braces is not considered (i.e. Kg—0), so that lateral stiffnesses of the
HYDB (Kpg) and HYD (Kp) are assumed equal; this is also for the corresponding stiffness
hardening ratios (i.e. rpp=rp). With regard to the VDB, the force developed in the damper is
function of a damping exponent f=0.7, which corresponds to nonlinear viscous property.

AZ Az

/\

ERRRR

b

|
[z
I

w= HYDB1 (MCE)
(b) Plan.

L pX 2 ~ L A 4 X pY 3

= HYDBI (MCE) == HYDBI (MCE)
=== VDB (SDE) === \VDB (SDE)
(c) In-parallel combination of HYDB1 and (d) In-parallel combination of HYDB1 and
VDB, with a gap-hook element in series VDB, without a gap-hook element in series
with HYDBI. with HYDBI.

»X
== HYDBI (MCE) w— HYDBI1 (MCE)
=== HYDB2 (SDE) HYDB2 (SDE)
(e) In-parallel combination of HYDB1 and HYDB2, (f) In-series combination of HYDB1 and
without a gap-hook element in parallel HYDB2, with a gap-hook element in parallel
with HYDB2. with HYDB?2.

Figure 6. Retrofitted test structures.

Thirteen structural layouts are obtained combining above described five configurations of
damped braces with: three ultimate performance levels in terms of top displacement (i.e.
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dp,xMcE=0,093 m, 0,14 m and 0.184 m and dp,y,mce=0,093 m and 0,14 m), associated with dif-
ferent structural damage scenarios in terms of inter-storey drift ratio (i.e. Ax/h=0.5%, 0.75%
and 1% and Ay/h=0.5% and 0.75%); one serviceability target displacement (i.e. dpx,spE=0,019
m and d,,y,spe=0,042 m), corresponding to the attainment of the minimum value of peak lat-
eral strength in the masonry infills of each storey, so preventing non-structural damage. Con-
stant design values of damper ductility (i.e. up=5) and hardening ratios (i.e. rr=0% and rp=3%)
are also assumed, except for the in-series arrangement of HYDBs. Main parameters of the
equivalent damped braces along the in-plan principal directions are reported in Tables 1-5,
with reference to: HYDB1 at MCE (Table 1); in-parallel combination of HYDB1 and VDB at
SDE (Table 2); VDB at SDE (Table 3); in-parallel combination of HYDB1 and HYDB?2 at
SDE (Table 4); in-series combination of HYDB1 and HYDB2 at SDE (Table 5).

Dir. | d"pmce | d*ypa1 Ker Kepsl | Vipr | Voosl | Ter | Tepsr | &
0,072 0,014 | 23290 | 14953 | 1666 1069 1,31 1,03
X 0,107 0,022 7877 7308 847 785 2,26 1,63
0,143 0,029 2364 4998 338 715 4,13 2,34
0,071 0,014 | 26465 | 13737 | 1875 973 1,22 | 0,99 11,73 | 44,13 | 27,80
Y 0,106 0,021 969 10349 103 1101 6,37 1,87 1490 | 44,13 | 46,63
0,106 0,021 969 10349 103 1101 6,37 1,87 5 1490 | 44,13 | 46,63

Table 1. Properties of the SDOF system equivalent to the DBF at MCE: HYDB1
(units in m, kN and s).

EnF EnpBl | EeDBF
12,00 | 44.13 | 29.56
14,14 | 44.13 | 33,58
15,34 | 44,13 | 39,84

<
e

N[ ||| W

Dir. | d*,spp | Ker V*,k Ter | Tepsr | Evr | Evps | EcpBF
X 0,015 | 57274 851 0,838 | 0,838 5 | 42,37 | 47,37
Y 0,032 | 62923 | 1996,69 | 0,791 | 0,791 5 0,21 5,21

Table 2. Properties of the SDOF system equivalent to the DBF at SDE: VDB (units in m, kN and s).

Dir. | dpmce | d'pspe Ker KepBI V' | Vipost | Ter | Tepsr | Evos | Enpsi | Ecper
0,072 28081 953 0,69 13,51 2,25 19,69

X [0.107 | 0015 | 57273 | 16375 | 850 | 483 | 084 | 074 | 2340 | 0 | 28.40
0,143 14759 331 0,75 | 27,71 0 32,71

0,071 28405 901 0,66 0 32,97 | 15,25

Y [ 0106 | 0032 | 62923 [ 31382 | 1997 [ 996 0,79 | 0.65 | 0 | 2004 | 11.67
0,106 31328 996 0,65 0 20,04 | 11,67

Table 3. Properties of the SDOF system equivalent to the DBF at SDE: in parallel combination of HYDB1 and
VDB (units in m, kN and s).

Dir. | d*,mce | d*pspE | d*ypB2 Ker Kepp2 | Keppi V*p V*, pB2 V*,pBI
0,072 0,003 30367 | 64398 451 956
X 0,107 0,015 0,003 57273 | 38933 32499 850 578 483
0,143 0,003 40814 | 22311 606 331
0,071 0 0 31202 0 990
Y 0,106 0,032 0 62923 0 22329 1997 0 709
0,106 0 0 22329 0 709
Dir. | d*ymce | d*pspe | Ter TepBF Evr En.DB2 En.DBI Ec.DBF
0,072 0,51 4413 2,25 14,76
X [0.107 | 0015 | 084 [ 056 5 44,13 0 18,35
0,143 0,58 4413 0 19,96
0,071 0,65 0 32,73 15,85
Y [0.106 | 0,032 | 079 [ 068 5 0 19,65 10,15
0,106 0,68 0 19,65 10,15

Table 4. Properties of the SDOF system equivalent to the DBF at SDE: in parallel combination of HYDB1
HYDB?2 (units in m, kN and s).
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Dir. | d"pmce | d'psoe | dyps2 | dppme d*,pB1 Ker Keps2 | Keppi Vor | V¥oe
0,072 0,003 0,0068 0,0082 81971 68214 557
X 0,107 0,015 0,003 0,0024 0,0127 | 57273 | 172000 | 32511 850 413
0,143 0,003 0.0016 0.0130 180333 | 22272 289
0,071 - - - - 31202 -
Y 0,106 0,032 - - - 62923 - 22329 1997 -
0,106 - - - - 22329 -
Dir. | d"pmce | d'pspe | Vs Ter TepBF EvF En.DB2 EnpBi | EeDBF
0,072 557 0,65 35,89 0 11,46
X 0,107 0,015 413 0,84 0,69 5 0 0 5
0,143 289 0,72 0 0 5
0,071 990 0,65 - 32,73 15,85
Y 0,106 0,032 709 0,79 0,68 5 - 19,65 10,15
0,106 709 0,68 - 19,65 10,15

Table 5. Properties of the SDOF system equivalent to the DBF at SDE: in series combination of HYDB1 and
HYDB?2 (units in m, kN and s).

4 NUMERICAL RESULTS

In this section, the effectiveness of the proposed multi-objective design procedure and the
limitation of use of HYDBs, designed at MCE, in combination with HYDBs and VDBs, de-
signed at SDE, are investigated on the five-storey RC building described in Section 2. Five
structural arrangements of damped braces are considered in order to modulate effective damp-
ing and stiffness properties to assigned performance targets at the serviceability (e.g. protec-
tion of non-structural elements) and ultimate (e.g. upgrading up to full retrofitting of structural
parts and collapse prevention of damped braces) limit states. Nonlinear seismic analyses of
the original (IF) and retrofitted (DBIF) infilled structures are carried out using the OpenSEES
platform [15]. Zero-length flexural- and shear-controlled elements are used to describe the
inelastic response at the end-sections of RC frame members, with the internal part modelled
with an elastic element, while a zero-length rotational spring is adopted for the beam-columns
joints, reproducing shear failure prior to or after the achievement of yielding of the adjacent
beams and columns [13]. An equivalent strut acting only in compression represents the in-
plane behaviour of masonry infills, where the peak response is evaluated as minimum predic-
tion between diagonal compression, corner crushing, sliding shear and diagonal tension fail-
ure mechanisms [19, 20]. Inherent damping equal to &,,r=5% is assumed for the RC framed
structure, using mass and tangent stiffness proportional Rayleigh approach. Nonlinear fluid
VDBs are modelled as nonlinear dashpots and linear springs [17], while truss elements with
bilinear force-displacement law are considered for the HYDBs, with and without an in-
parallel or in-series combination with a gap-link working in parallel to a hook-link. Then,
three sets of biaxial accelerograms, each consisting of seven earthquakes, are selected from
the PEER database and scaled to three different intensity levels [16]. At the site of L’Aquila
(13.40° longitude and 42.35° latitude), design response spectra of acceleration provided by
NTCI18 are evaluated for moderately-soft subsoil, considering a nominal life V=50 years and
a functional class II (amplification factor, Cu= 1.0) resulting in a reference period Vr=50
years. These spectra are matched on average in a suitable range of vibration periods, with ref-
erence to SDE (PGA=0.156 g), BDE (PGA= 0.347 g) and MCE (PGA= 0.407 g).

The beneficial effects offered by the combination of HYDBI1, ensuring structural safety
(SS) at MCE, and VDB or HYDB2, calculated for immediate occupancy (IO) at SDE, are
firstly investigated in Figures 7-9 with reference to the seismic performance of nonstructural
elements. Specifically, maximum drift ratio of masonry infills aALmax(=Armax/Arp, being Armax
the mean of maximum drift demand at SDE and Arp the value corresponding to full cracking)
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is evaluated along the building height. As can be observed, the absence of openings in the in-
fill walls along the Y direction (see Figure 5b) results in a significant reduction of oalmax,
whose values are less than those corresponding to the attainment of the peak lateral strength
(i.e. aar=1) for the IF structure, with a further slight improvement when DBIF structures are

considered (Figures 7b, 8b,d and 9b).

6 — 6 —

SDE (X dir.) SDE (Y dir.)

HYDBI1 HYDBI1
S g <
4 — 4 —
£y ] £, ]
2 - 2

—%— I —»— [F

: ol —es— DBIF.1 1 - —s— DRBIF. 1

—eo— DBIF.2 —e— DBIF.2

—e— DBIF.3 —a— DBIF 3

T I T l T I T I T T I T r T I T ] T

Figure 7. Maximum drift ratio of masonry infills for the original and retrofitted structures, at BDE: HYDBI.
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Figure 8. Maximum drift ratio of masonry infills for the original and retrofitted structures, at BDE:
in-parallel HYDB1+VDB, with (a, b) and without (c, d) a gap-hook element in series with HYDB1.
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On the other hand, extensive damage of masonry infills is resulted for the original structure
along the X direction, characterized by infill walls with different percentage of openings, at-
taining strength reduction at all levels the only exception being the roof (Figure 7a). With re-
gard to the retrofitted structures, the IO condition at SDE is not reached at intermediate
storeys for the HYDBI solution (Figure 7a), where only target performance levels at MCE are
checked. The in-parallel combination of HYDBI1 and VDB, with (Figure 8a) and without
(Figure 8c) a gap-hook element in series with HYDBI, has not produced a marked improve-
ment of the response that has practically unchanged for all examined cases and beyond the
damage threshold at the intermediate levels. On the other hand, a significant reduction of
OALmax 18 attained when the in-parallel combination of HYDB1 and HYDB?2 is considered,
with fulfilment of the 10 condition for all values of Ax/h at MCE (Figure 9a). Finally, results
corresponding to the in-series combination of the HYDB1 and HYDB2 are plotted in Figures
9c,d. It should be noted that HYDBs deriving from the in-parallel combination (see Table 4)
are adopted when in-series arrangement of HYDBs is considered along X (see Table 5). As
can be observed, a different arrangement of the HYDBs impairs their performance, resulting
in non-operational condition of the retrofitted structure at SDE (Figure 9c), while the response
is essentially the same as that obtained for the in parallel arrangement when Y direction is

considered (Figure 9d).
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Figure 9. Maximum drift ratio of masonry infills for the original and retrofitted structures, at BDE:
in-parallel (a, b) and in-series (¢, d) HYDB1+HYDB2.
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Afterwards, maximum drift ratio demand ((A/h)max, With inter-storey displacement Amax di-
vided by the storey height h) at BDE is shown in Figure 10, only considering HYDB1 since
results corresponding to the other four arrangements are practically identical to those obtained
for this solution. The effectiveness of the HYDBs is confirmed in both directions, with similar
response for all performance levels in the Y direction (Figure 10b). Moreover, target dis-
placements (see dashed lines) are never exceeded in the Y direction, while DBIF.i structures
(i=1-3) are resulted more flexible compared to the design thresholds in the X direction.
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Figure 10. Maximum drift ratio for the original and retrofitted structures, at BDE: HYDBI.

Finally, maximum ductility demand (pp,max) of the HYDBs at MCE are plotted in Figure
11, referring to the in-elevation and in-plan distributions. For all performance levels, the ulti-
mate value (up,;=20) is never reached, so avoiding collapse of the dissipative devices, and a
rather uniform demand is resulted along Y (Figure 11b). As a confirmation, decreasing values
of up,max are obtained for increasing values of target displacement.
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Figure 11. Maximum ductility demand of damped braces for the retrofitted structures, at MCE: HYDBI.

CONCLUSIONS

A displacement-based design procedure of damped braces is proposed for optimizing the
seismic performance of buildings, by minimizing damage of both non-structural and structural
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elements at SDE and MCE, respectively. In order to quantify the enhanced seismic protection
offered by the combination of HYDBs, designed at MCE, and HYDBs or VDBs, designed at
SDE, comparison is made with a traditional solution consisting of HYDBs designed to guar-
antee the structural safety for severe ultimate limit state seismic events. Four alternative con-
figurations are chosen for retrofitting the original building: in-parallel combination of HYDBs,
at MCE, and VDBs, at SDE, with and without a gap-hook element in series with HYDBs; in-
parallel and in-series combinations of HYDBs, with and without a gap-hook element in paral-
lel with HYDBs at SDE. The procedure is applied for the seismic retrofitting of an RC framed
structure, located in L’Aquila and designed for a medium-risk seismic zone, representative of
the residential housing stock built in Italy during the 1990s. By carrying out nonlinear dynam-
ic multi-stripe analysis of the original and retrofitted infilled structures, under three intensity
levels provided by Italian seismic code, the following conclusions can be drawn.

The absence of openings along the Y direction results in a significant reduction of damage
in the infill walls of the original structure at SDE, differently from strength reduction affecting
many infill walls, with different percentage of openings, along the X direction. As expected,
HYDBs designed at MCE are not able to ensure the 10 condition of the retrofitted structure
because too high yielding forces do not allow their activation at SDE. The in-parallel combi-
nations of the HYDBs and VDBs does not produce a marked reduction of damage at SDE for
masonry infills at the intermediate storeys, whose drift remains beyond the damage threshold.
The in-parallel combination of HYDBs, half designed at SDE and half at MCE, allows the
fulfilment of the 1O condition; the same HYDBs with an in-series arrangement impairs seis-
mic response of masonry infills at SDE. The effectiveness of the HYDBs is confirmed in both
directions at BDE, with target displacements not exceeded in the Y direction, while more
flexibility compared to the design thresholds is highlighted in the X direction. Finally, maxi-
mum ductility demand of the HYDBs at MCE confirm that their ultimate value is never
reached, so avoiding collapse of the dissipative devices.
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