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ARTICLE INFO ABSTRACT
Keywords: An energy-based design procedure for sizing dissipative bracing systems equipped with steel hysteretic dampers
Design procedures is proposed for application to the seismic retrofit of frame structures. The procedure is based on the following

Sizing criteria

Dissipative bracing systems
Steel dampers

Seismic assessment
Seismic retrofit

assumptions: it is not iterative, as it provides a direct estimation of the steel dissipater sizes; the stiffening effects
of dampers reduce displacements below prefixed limits; their damping effects reduce displacements and stress
states to keep the response of structural members within their safe domains up to medium-to-high levels of the
input seismic action. The procedure is articulated in three steps: seismic assessment analysis in current state and
definition of the elastic properties of the bracing system to be installed in the structure; design of the dampers;
verification of the seismic performance of the structure in retrofitted conditions. A demonstrative case study
concerning a precast reinforced concrete frame school building is offered to explicate the practical application of
the procedure, as well as to evaluate the enhancement of its response generated by the intervention. The latter
consists in incorporating a dissipative bracing system equipped with triangular-shaped added damping and
stiffness (T-ADAS) steel hysteretic devices. The two limit hypotheses assumed in the computational analyses for
the roof beam-to-column connections of the building, i.e. hinges or fixed-ends, allow to discuss how the
fundamental period of the structure in current conditions affects the parameters involved in the sizing process of
the T-ADAS dampers.

HT and FT schemes of case study structure;
(EETY™™ (EEDY™™  numerical values of the total energy dissipated by the

List of symbols: . . . dampers, for the HT and FT schemes of case study structure;

ag Peak Ground ‘AA(:cel.eratlon (PGA) for rigid soil; E, Ep input and dissipated energies;

g 0 iﬁi;;ﬁtﬁ?fflﬂ?gfg sf?::((:)trl;lre' Sy f yield stress and strength of steel;

T‘H/N, Tyg nominal life and reference time, period of a structure; Fébxon Feeny Felxvy> Pty » Felx ), Felxv) ba's? shear values for CS,

Des maximum displacement assumed as performance objective; RS, HT-CS, HT-RS, FI-CS, FT-RS conditions;

Din minimum displacement over which an acceptable energy Fox), F I}JIZ((Y)’ F, IF’-TX(Y) total damping force of the dissipaters in general,
dissipation can be produced by the dampers; and for HT, FT conditions;

Bp, Hp, tp base, height, and thickness of T-ADAS damper plates; Hy total building height;

Fpy, Fp,, yielding and ultimate forces of plates; ixcv) total number of bays in X, or Y directions where are included

dpy, dpy Yyielding and ultimate displacements of plates; the damped braces;

kpe, kpp stiffness of the elastic and plastic response branches of plates; M total building mass;

Epipx(y) area of the equivalent hysteretic cycle of a damper Mg('rﬂcs’ M%,’)RS, M;f;fs, Mf({;)RS bending moments around X and Y
constituting element (a plate in the case of T-ADAS devices), axes at the column bases, for HT-CS, HT-RS, FT-CS, FT-RS
with maximum displacement S 1, x(v) and force equal to F), conditions;
¥ KeCl,Sx(y)’ Kffx(y), KZ&’(%S, K%{?{f)s Kgx’gs) ,KZT);(’,‘,S) elastic stiffness of the

Epxy)  energy dissipation capacity of dampers; structure, for CS, RS, HT-CS, HT-RS, FT-CS, FT-RS conditions;

EpYv)» Ebxy, energy dissipation capacity of dampers evaluated for the
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kS xirp kia x5y kiaxsy, stiffness of a damper incorporated in the i-th

bay of the structure, for RS, HT-RS, FT-RS conditions;

kS xor)» kivix(ey Kiaxey) elastic stiffness of the dissipative brace

incorporated in the i-th bay of the structure, for RS, HT-RS, FT-
RS conditions;

kS x(v) Kibasiry Kibax(y, total stiffness of the dissipative brace

incorporated in the i-th bay of the structure, for RS, HT-RS, FT-
RS conditions;
KR53 xiv) Kaxy)» Kbaacy) total stiffness of the dissipative bracing

system for RS, HT-RS, FT-RS conditions;

KRS v X(¥) Kg£s§5 KZQS%E‘EY) stiffness of the retrofitted structure for RS,

HT-RS, FT-RS conditions;

ne number of hysteretic cycles with maximum Sges 15 x(y)
displacement of a T-ADAS damper plate;

Nyx(v)» N v)» Npx(y) total number of constituting elements of a
damper (plates in the case of T-ADAS devices) in general, and
for HT, FT conditions;

S subsoil category coefficient;

Seo Sd pseudo-acceleration and displacement spectra;

Sans> Sav  pseudo-acceleration and displacement spectra normalized to
relevant maximum values;

Sgmax = Sa(T¢) maximum value of the pseudo-acceleration spectrum
(reached for T = T¢);

Sdmax = Sa(Tp) maximum value of the displacement spectrum (reached
for T = Tp);

S¢5 SRS maximum pseudo-acceleration in CS and RS conditions;

Saesx(v) design displacement of dampers;

Sdes1px(v) design displacement of each plate of dampers;

Sy ordinate of the constant pseudo-velocity spectrum branch;

Tc initial period of the constant pseudo-velocity spectrum
branch;

final period of the constant pseudo-velocity spectrum branch;
TS, T®  fundamental periods of the structure in current and retrofitted
conditions;
TINT period corresponding to the intersection of the pseudo-
acceleration and displacement spectra;

TINT,A, TINT,B; TINTC values of TINT for A B C—type SOﬂ;

Tty Teixny Tetxn)» Tetxr)» Texv) Telx(y) fundamental periods

corresponding to the elastic stiffness of the structure in CS, RS,
HT-CS, HT-RS, FT-CS, FT-RS conditions;
Tasx(v)> Thasxir)> Toasxiy) fundamental periods corresponding to the
total stiffness of the structure in CS, RS, HT-CS, HT-RS, FT-CS,
FT-RS conditions;

ux(T )cs UQ(T )Rs ufg )CS uX( )RS maximum response displacements for
HT-CS, HT-RS, FT-CS, FT-RS conditions;
Vrx(y)  base shear strength;

VHIZCS  YHISRS | yFTCS yET RS maximum response base shears in HT-

CS, HT-RS, FT-CS, FT-RS conditions;

n spectral damping factor= \/goé;
7%, n’S  spectral damping factors in CS or RS conditions;
( X(Tl;)RS)””m(V), ( )F({;)RS)"“'"(V) RS values estimated from the numerical

response in terms of base shears, for HT-RS, FT-RS conditions;

(nQ(T Rs)num u (T ’Rs)m‘m(u) RS values estimated from the numerical

X(Y)
response in terms of displacements, for HT-RS, FT-RS
conditions;

£ equivalent viscous damping ratio;

( Q(T;)Rs)““m‘” , ( g(TY;RS)””m“’) RS values estimated from the numerical

response in terms of base shears for HT-RS, FT-RS conditions;

( HT‘Rs)num<u), (@’?{Y‘)RS)m"n(u> &RS values estimated from the numerical

X(Y)
response in terms of displacements for HT-RS, FT-RS
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conditions;

PaX(ers PRk Pax(vy> Pax(y;  displacement ratios in HT-CS, HT-RS, FT-
CS, FT-RS conditions;

PSP PV PU(S;  base shear ratios in HT-CS, HT-RS, FT-CS,
FT- RS condmons

cs RS  HT—CS , HT—RS FT—CS , FT—RS
Wx(vy» Dx(vy Px(v) > Px(y) > Px(y) > wX(Y

corresponding to Tﬁ%( vy T4 X(y)
Tax (v

AS!y, AS!, normalized pseudo-acceleration and displacement spectra
reductions for a given n factor value;

ASqx(v), ASHy iy X(¥) , ASIT () displacement spectra reductions in general,
and for HT, FT conditions;

AT x(v)s ATZ X(v)» ATel X(Y) fundamental period reductions in general,
and for HT, FT conditions;

ATrc_inThe half value of the difference between Tiyr and T¢ periods for
£=50%.

circular frequencies

"HT—-CS HT—-RS TFT-CS
TelX (V) TelX(Y) TelX(Y)

1. Introduction

Damping devices used for the seismic protection of new and existing
structures can be classified according to several criteria, the oldest and
most established of which is referred to the dependence of their hys-
teretic response on velocity or displacement [1-3]. This descends from
Lazan’s definition of hysteresis [4], whereby natural materials can
exhibit a “rate dependent” or “rate independent” (also named
“displacement dependent™) cyclic behaviour, with or without recenter-
ing effects at the end of their response. From a technical viewpoint, this
classification is not easy applied to quickly identify the most effective
type of dampers in the seismic retrofit of building structures. Indeed, the
capacity of supplying supplemental damping and horizontal trans-
lational stiffness generally depends both on the mechanical character-
istics of dampers and their installation layout. By way of example,
pressurized fluid viscous dampers, when mounted at the tip of sup-
porting braces in parallel with the overlying beam axis [5], slightly in-
crease the horizontal stiffness of the structural system, while supplying
high additional damping. Instead, steel devices like ADAS (Added
Damping and Stiffness [1-3,6,7]) dissipaters, typically provide signifi-
cant contributions in terms of both properties, but conditionally to the
plasticization of the constituting material. Therefore, the former type of
dampers allows to reduce maximum forces and displacements almost
only by means of the dissipated energy. On the contrary, when the de-
vices have significant combined stiffening and damping capacities, the
increase of stiffness produced by their installation reduces lateral dis-
placements at the same time as forces increase. Thus, the intensity of the
latter needs to be limited by the damping generated by the hysteretic
response of this class of dissipaters. Moreover, in this case the protective
system must be placed in symmetrical positions in plan, to prevent a
growth of torsional response effects in the building [8,9]. This problem
does not arise when almost only dissipative devices are used, since their
incorporation does not significantly change the modal characteristics of
the original structure [10-13].

The design of supplemental damping elements must be straightfor-
wardly carried out both in terms of stiffness and damping, as the
spreading of dissipative bracing technologies in the professional com-
munity strongly depends on the availability of simple design procedures,
especially concerning the preliminary sizing stage.

Several methods have been proposed in the literature to this aim, the
first ones of which fix a desired value of the damping ratio ¢ (i.e. the ratio
of the damping coefficient to the critical one) in the fundamental mode
of vibration of the structure, when the associated effective modal mass
(EMM) is a predominant portion of the total seismic mass [1,2,14-16].
The practical application of these methods consists in scaling the
reference elastic response spectra by various damping ratios, and
choosing the value that allows constraining the maximum “global”
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response parameters (base shear, top lateral displacements, etc) below
targeted limits. When the devices are characterized by nonlinear viscous
properties, these objectives can be met by transforming the character-
istic damping coefficients of the dissipaters into equivalent linear
viscous damping ones [3,15]. These studies laid down the basis of the
design procedures of buildings incorporating passive energy dissipation
systems included in ASCE 41-17 Standards [17].

A similar approach is adopted in procedures based on the use of
normative response spectra scaled by reduction factors corresponding to
the damping capacity of the devices [18,19]. Other methods use
equivalent linear or non-linear static analyses to evaluate the design
actions and reduce their effects by means of added damping [20-22]. All
the above-mentioned procedures require iterative steps for their appli-
cation and are conceived for substantially regular structures. A gener-
alization to irregular structures in plan is presented in [23]. In [24] the
design of hysteretic dampers is extended to take into account also the
effects of the interaction of the frame structure with masonry infills,
simulating both the in-plane and the out-of-plane seismic response of the
latter.

An alternative approach is represented by an energy-based design
criterion, originally proposed for pressurized fluid viscous dampers
[5,25-26], and later extended to added damping and stiffness (ADAS)
devices [27]. This criterion consists in determining the minimum
damping coefficients of the devices required to assign them the capa-
bility of dissipating a prefixed fraction of the seismic input energy, Ej,
computed either on each story [25,27] or the entire structure [26]. As
this method requires a preliminary evaluation of the input seismic en-
ergy demand on the original structure, a finite element non-linear time-
history analysis must be carried out at a first step. Then, E; must be post-
calculated from the results of this analysis.

With the aim of bypassing the need for a preliminary time-history
analysis, a different energy-based design method has been proposed
[10], to estimate the minimum damping capacity to be assigned to the
dampers in order to reach pre-fixed reductions of the storey shears and/
or inter-storey drifts computed in current conditions by means of a
conventional elastic finite element analysis. This method has been
formulated for almost only dissipative devices, such as the above-
mentioned pressurized fluid viscous dampers.

By further developing this conceptual approach, a novel energy-
based design procedure is proposed herein, where the energy dissipa-
tion demand is directly estimated for the whole structure, by simply
referring to the pseudo-acceleration and displacement response spectra,
rather than storey by storey, like in [10]. Thus, only a modal analysis is
required to initialize the sizing process.

Furthermore, sizing is no more limited to almost only dissipative
devices, but is extended to dampers characterized by joint stiffening and
dissipative properties. Among this class, ADAS dampers [28-30] are
expressly considered, and particularly T-ADAS type, i.e. constituted by
T-shaped plates, as they offer greater ductility as compared to corre-
sponding X-shaped ones [31]. The energy dissipation demand is directly
estimated for the whole structure (instead of storey by storey, like in
[10]), by means of the pseudo-acceleration and displacement response
spectra (therefore, only the development of a modal analysis of the
examined structures is required); this implicitly bypasses the need for
preliminary time-history dynamic analyses, like in [10].

A detailed description of the design procedure is presented in the
next Sections. A demonstrative application to the retrofit design of a
precast reinforced concrete (RC) single-storey school building is then
offered, to explicate relevant steps in practice. The structure is modelled
by considering two limit conditions for the roof beam-to-column con-
nections, i.e. hinges or fixed-ends, so as to generalize the study to any
scheme in between the two extremes, which correspond to nearly
cantilever or shear-type structures, respectively.

Engineering Structures 284 (2023) 115969
2. Objectives of the design procedure

The energy-based methodology proposed herein for sizing steel
hysteretic dampers starts from the results of a preliminary linear elastic
dynamic analysis of the bare frame (BF) building in current state (CS).
The design objectives can be summarized as follows: 1) the procedure is
not iterative; 2) stiffening effects produced by the dampers should
reduce the displacements below a prefixed limit; 3) damping effects
should primarily reduce the stress states of structural members (but also
contribute to decrease displacements further), so as to keep their
response inside, or slightly outside, relevant safe domains for seismic
actions scaled up to the Basic Design Earthquake (BDE, with 10 %
probability of being exceeded over the normative reference time period,
Vg, for the considered type of structure and its use); in addition, the
activation of plastic response should preferably start from the Service-
ability Design Earthquake (SDE, with 63 % probability of being excee-
ded over Vy) to substantially limit non-structural damage too.

Objectives 1) and 3) are jointly pursued by estimating the energy
dissipation demand on the dampers based on the area of their hysteretic
cycles corresponding to targeted force and displacement reductions (AF
and ASy, respectively). This allows bypassing the evaluation of equiva-
lent damping ratios &, or ductility-dependent parameters, as required by
“classical” design methods, as commented in the Introduction.

Point 2) is pursued by imposing the fundamental periods of the
retrofitted structure in the two main directions in plan to be included in
the T vibration period interval ([T¢Tp]) where the pseudo-velocity
elastic response spectrum, Sy, is assumed to be a horizontal branch by
most Seismic Standards. This assumption is motivated by the evidence of
some damage scenarios, like the ones observed after the 2016-2017
Central Italy earthquake. Within these scenarios, non-negligible struc-
tural damage, and severe non-structural damage were surveyed for
buildings with fundamental periods smaller than T¢ retrofitted with
dissipative braces incorporating steel dampers, an excessive stiffness of
which delayed their plastic response, and thus the activation of the
corresponding damping effects. Indeed, when the fundamental trans-
lational periods of the structure are small, namely close to T¢, the added
stiffening effects caused by the dissipative braces tend to prevail over the
damping ones, adversely increasing the maximum stress states in
structural members. Based on this consideration, the proposed proced-
ure suggests that the retrofit-related addition of lateral stiffness should
not determine fundamental periods smaller than the T¢ limit.

With the aim of explaining the use of spectral quantities to obtain
prefixed performance objectives in retrofitted (RS) conditions, without
passing from prefixed damping ratios, the correlation between pseudo-
acceleration and displacement response spectra in the ([T¢, Tp]) inter-
val is examined in the next Section, as a function of damping.

3. Correlation between pseudo-acceleration and displacement
spectra

As highlighted by the graphs in Fig. 1, in the T period interval ([T,
Tpl) characterized by a constant value of pseudo-velocity, Sy, the S,(T)
pseudo-acceleration and Sy4(T) displacement spectra have an opposite
trend with respect to their intersection point, located by the Tjyr period.
By way of example, Fig. 1 shows in superposition the BDE-scaled spectra
referred to the Italian municipalities of L’ Aquila (Fig. 1a-c) and Florence
(Fig. 1d-f), evaluated for damping ratios £ equal to 5 %, 10 %, 20 % and
28 %. The ordinates of these graphs are normalized to the maximum
pseudo-acceleration Sqo(T¢) and displacement S4(Tp) values, respec-
tively, to obtain the corresponding dimensionless spectra, Son(T) and
San(T). These are detailed for A- (rigid soil; Fig. 1a, 1d), B- (deposits of
very thick sand, gravel or very stiff clay; Fig. 1b, 1e) and C-type (soft soil;
Fig. 1c, 1f) soil categories, as defined by the Italian Standards [32],
showing that the value of Tiyt depends on the type of soil, but not on
damping.

With the aim of defining the correlation between the Son(T) and
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Fig. 1. Normalized pseudo-acceleration and displacement spectra for L’Aquila (1a-1c) and Florence (1d-1f).

San(T) spectral curves, their analytical functions are examined here by
referring to the following parameters:

T, TR = fundamental periods of the structure in current (T and
retrofitted (T%S) conditions, both included in the interval ([T¢, Tpl);

TC
S, = a,SnF, <7> @
T 2
where:

ag = peak ground acceleration (PGA) for rigid soil;
S = subsoil category coefficient;

n = spectral damping modification factor = \/51—?5;

Fy = amplification factor;

AS!y, ASh, = variations of the pseudo-acceleration and displacement
functions when passing from CS to RS conditions, for a generic 7 factor,
normalized to the maximum pseudo-acceleration and displacement
values, Sg max = Sa(T¢) and Sqmax = Sda(Tp), respectively:

SRS _ SCS a SF()T(; ’,IRS ”CS
N _ Sa 0 _ %
B P PV 1 .
. SRS —SC5 a SFyT¢
AS!), = de mm_d _ 4;25d < (”RSTRS _ ﬂcsTcs> (3b)

By assuming to keep constant the equivalent linear viscous damping
of the structure in CS and RS conditions, i.e. n*5=y% = 5, as normally
accepted from a technical viewpoint, relations (3a), (3b) are simplified
as follows:

agSFOTC ’,IRS ’,ICS (TCS _ TRS)

ASw =gy \ows s ) = Tegesqms (42)
a,SFyT¢ 1

AS,, — %8 (RS RS _ CS cs):_ RS _ 7:CS

Sov =35 syt U1 T —nT T (% —T9) (4b)

Named AT = T - T%S the period change occurring in the CS — RS
transition, by deducing (TRS - ’ICS) from (4a) and (4b), the following
equality is obtained:

— TeTpAT = TSTSAT (5)
from which it follows:
—TcTp = TETRS (6)

Thus, Tyt can be obtained from (6) by imposing T = TS,
T = [T = |T| = /TcTy %)

By way of example, the Tiyr values calculated by (7) for the spectral
curves in Fig. 1, in the three soil type cases, are: Tiyta = 0,99 s, Tint,g =
1,16 S, TINT,C = 1,21 S (L’Aquila); TINT,A = 0,80 S, TINT,B = 0,95 S, TINT,C =
1,00 s (Florence), which match the Tyt values shown in Fig. 1.a-1.f.

If TS is smaller than TS, as a consequence of the stiffening effects of
the retrofit intervention, and both are smaller than Tjy7, an increase in
pseudo-accelerations and a reduction in displacements is obtained in the
CS — RS transition for a pre-fixed ¢ value. The T®S period can be initially
estimated by applying (3b) for &£ = 5 % (#® = 4 = 1), assuming a
tentative Sqmax value coinciding with a pre-established performance
objective in terms of displacements, Sgs. Relation (3a) can be used to
preliminarily evaluate the amount of equivalent viscous damping
needed to reduce S,—and thus base shear and stress states—in addition
to displacements. However, it is noted that the 7% estimate derived from
(3a) to achieve a target AS]y value can be ineffective to evaluate the
equivalent damping capacity of the dissipative braces, since it could
significantly differ from the corresponding value determined by (3b).
Moreover, 7% could result remarkably below the lower limit of 0.55 (to
which a value of ¢ approximately equal to 28 % corresponds) of the
range of validity of the classical four-branch shapes of the pseudo-
acceleration and displacement spectra assumed by most Seismic Stan-
dards [33-36]. As detailed in the next Sections, the proposed procedure
bypasses this problem by defining the damping capacities of the dissi-
pative braces, and thus of the incorporated devices, by directly evalu-
ating the dissipated energy required to limit structural and non-
structural damage in the retrofitted building, rather than separately
targeting displacement and force reductions.
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4. Formulation of the design procedure

The procedure estimates the damping capacity of steel devices,
related to the plasticization of the constituting material, by referring to
the area of the hysteretic cycles covered during seismic response [27].
For its practical implementation, the procedure is articulated in the
following steps:

1. assessment of the structure in current conditions, and definition of
the elastic properties of the bracing system;
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2. sizing of the dampers;
3. multi-objective structural verification of the seismic response of the
building in retrofitted conditions.

The three steps are detailed below and summarized in the flow-chart
of Fig. 2.

retrofitted conditions

ix(iy)

A X(Y) = Z kfD i, DAX(Y)

M

T DASX(y) = 2T
Khaxw) + Keixen

1. Assessment analysis of the structure in current conditions and definition of the elastic
o e
properties of the bracm"’ system Bare Frame Elastic Braced Frame
Toi X0) —
Ko LX)
Fi X(Y)
2. Siz ;
2. Sizing of the dampers Fpa
2.a. Estimation of the total energy dissipation capacity D.X(1)
of the devices: S JX
_ desfX(Y)
Fpxy) = OFxy) = F elLx(Y) — Ve x(v) E 1 5 Sq
— DX(Y
Ep x(v) = 4Fp x(v)Sdes x(v) )
2.b. Definition of the geometrical sizes of the constituting elements
and evaluation of their total number, N, :
N _ Epxw dp
R Ep1px) Sdes P XD
3. Multi-objective structural verification of the seismic response of the building in

3.a. Evaluation of the final elastic properties of the dissipative braces:

3.b. Verification of structural performance of the RS structure

Damper

Chevron braces

Fig. 2. Flow-chart of the design procedure.
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4.1. First step: Assessment of the structure in current conditions and
definition of the elastic properties of the bracing system

The first step consists in carrying out a modal analysis of the BF
structure in CS conditions, to determine its fundamental translational

periods, TS, and TGS, along the two reference axes in plan, X and Y.

Then, the values of the pseudo-acceleration, Sgs =5, (Tg Xv) ) are

computed. The corresponding spectral displacement values, SS5 Xv) =

Sq (Tecl X(v) ) are deduced by the expression:

Cs cs 12 qcs
Sixw) = [wx(y)] SaX(v) (€))
with oy, = circular frequency related to T,
Said M the total seismic mass of the structure, the elastic stiffness in
CS conditions, Ky, is given by:

S
or Tfly

2
KSSX n =M [w}?(sy)] ®
from which the maximum base shear, Fg, ), derives as follows:
CS CS CS CS
Fox) = KaxwSaxw) = MSaxw) (10)

Named Dg,s the maximum displacement assumed as performance
objective, the elastic properties of the retrofitted structure can be esti-
mated by determining the period and stiffness variations required to
reduce the total displacement from S&,, to Dees. Said ASqxcy) this
reduction:

ASuxw) = Sgx(v) = Daes an
and Sy the pseudo-velocity constant value:
Svx(n) = @Koy Sexm) (12)

the period variation AT, x(y) is obtained as:

ZTEASd_
ATuxy) = = as
Sv.x(y)

Consequently, in RS configuration the fundamental period, T%S ()
the elastic stiffness, Ky ), and the maximum base shear, 5, are
expressed as:

Tf/sx Y) — Teczg( Y) AT xy) a4
2

KSSX Y) = M[wﬁ}')] 15)

FS,SX(Y) = MSf.i(y) (16)

where o, and Siy, are the circular frequency and pseudo-

acceleration spectral values corresponding to TS‘} (v)- Since Ffz,sx(y) could

even significantly exceed the base shear strength, Vi x(v) (given by the
sum of the shear strength contributions of all vertical members, i.e.
columns and shear walls), a reduction of forces is needed, and can be
obtained thanks to the damping properties of the steel dampers.

4.2. Second step: Sizing of the dampers

This step implies the two following sub-steps: 2.a. estimation of the
total energy dissipation capacity of the devices; 2.b. definition of the
geometrical sizes and total number of constituting elements (repre-
sented by T-shaped plates, in the case of the T-ADAS dissipaters
expressly considered in this study).

Step 2.a. According to the symbols and schemes in Fig. 2, the total
damping force Fp x(y) tentatively assigned to the sets of dampers to be
installed in X and Y directions is given by the difference between the

F?l:SX(Y) and Vg x(v) values calculated in the first step of the procedure:
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Fpxwy) = ngx ) — Vex() 17)

By referring to the idealized total plastic cycle (i.e. the hysteretic
cycle net of the elastic portion) of the sets of dampers drawn in Fig. 2
(step 2.a) and Fig. 3, the target design plastic displacement of the
dampers, Sgx(v), can be fixed by distinguishing among the following
three conditions: 1) ASyx(y), given by (11), greater than the assumed
limit displacement Dges; 2) ASqx(y) smaller than Dges but greater than a
minimum displacement value, Dy, representing the threshold over
which an appreciable amount of energy dissipation is produced by the
steel dampers; 3) AS;x(y) smaller than Dpp.

Dges can be deduced from the interstorey drift limitation imposed by
the Italian Standards [32], as well as by several other Standards and
Regulations, for the Immediate Occupancy performance level to prevent
appreciable damage in drift-sensitive non-structural elements built in
contact with the frame members, like traditional masonry infills and
partitions, equal to 0.5 % of the interstorey height. Consistently with this
assumption, and by approximately considering the same height for all
storeys, Dges can be fixed at 0.5 % of the total height of the building, Hy
(Fig. 3).

Dpin threshold should be related to the yielding displacement of the
selected type of steel dampers, so as to guarantee the activation of their
plastic response starting from high-to-moderate seismic levels.

By referring to the spectral curves in Fig. 1, the first two conditions
are met when AT, x(y), expressed by (13), is greater than ATrc_inr has
defined as half the difference between Ty and T¢ periods, for £ equal to
5 %:

AT’I’C—[NT,ha = M (18)

Both in cases 1) and 2), Sqes,x(v) can be assumed as the lowest of D es
and AS;x(y). In case 3), where the stiffness of the original building is so
high to cause a AS;x(y) value smaller than Dy, Sqes must be put as equal
to Ddes-

Based on the tentative values of the Fpx(y) total damping force and
the Sges, x(v) target plastic displacements of the devices, their total energy
dissipation capacity, Ep x(y), can be estimated by the following relation
[5,10]:

Epx(vy = 4Fp x(v)Saes x(v) (19)

Step 2.b: Starting from the Ep x(y) values estimated by (19), sizes and
total number, N, xy), of the constituting elements of a damper are
defined by referring to the elasto-plastic response of a single element,
sketched in Fig. 2 (step 2.b) and Fig. 3, where S 1, x(v) and Ep 1, x(v) are
its target design displacement and energy dissipation capacity. For T-
ADAS dampers, the geometry of a T-shaped steel plate is described in the
left drawing of Fig. 4, where Bp, Hp and tp represent its base, height and
thickness. According to the nomenclature in the right drawing of Fig. 4,
the parameters governing the idealized elasto-plastic force-displace-
ment response cycle of a plate, Fp(t)-dp(t), namely: Fp, = yielding force,
dp,y = yielding displacement, kp . = stiffness of the elastic branch, kp, =
stiffness of the plastic branch, Fp, = ultimate force, dp, = ultimate
displacement, can be determined by the following relations [37-39]:

B, (20)
=Iem, 6Hp
FPv
dp, = —= 21
P.y kP,e ( )
E,Bpt’
kpo = ——=2 22
P, oI (22)
kP,p = vkp, (23)
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Fig. 3. Correlations among Fp, Sg.s, and the structural properties of the original structure.

H,
Fig. 4. Geometrical and mechanical parameters
B (24)
f’4H
Fp, —F
dpo = dpy + (25)

kpp

where: f;, Es = yielding stress and Young modulus of steel, and y =
strain hardening ratio characterizing the slope of the post-elastic branch,
normally assumed as equal to 0.03 [37-39].

The Ep 1, x(v) energy dissipation capacity of a plate can be evaluated
by referring to the area of the hysteretic cycle with maximum
displacement Sges,1p,x(v) and force equal to Fp,. Similarly to expression
(19), this area is given by:

ED,lp,X(Y) = 4FP.)‘Sde:.lp,X(Y) (26)

Based on the duration of the input seismic action and the values of
the fundamental periods of the RS structure in X and Y, the total energy
dissipated by a plate can be considered as equivalent to n. times the area
of the maximum response cycle covered for a considered seismic action,
evaluated by (26). According to literature [27,40], n. can be assumed to
range from 4 to 14 for structures with fundamental periods lower than 1
s. As discussed in Section 5, n. should be calibrated by considering the
fundamental periods of the structure before and after retrofit, as well as
the correlation between AT, xy) and ATc_rpe. In particular, n. ranges
from 4 to 8 when AT xy) > ATrc vt ha> @and from 9 to 14 for ATexy) <
ATrc_inthe- This is motivated by the fact that the number of cycles
developed by a plate is greater when it is incorporated in a stiffer
structure (i.e. characterized by AT, xy) < ATrc_in7ha)-

By referring to n., the N, x(y) total number of constituting elements
(plates for T-ADAS devices) of the set of dampers to be adopted for the

Fpy
F Pu
F P'L _________
’f/ ;kP,c ,"“ -
‘_ dp,): Sdes, 1p.X(Y) dP,u dl’
‘!
~=F Ey
'F Pu

of the steel plates constituting the T-ADAS dampers.

retrofit intervention is evaluated as follows:

Npxen = "gziit:m @7

For multi-storey buildings, the computed N,xy, values must be
distributed along the height proportionally to the interstorey drift de-
mand assessed for the BF structure. Moreover, the installation of the
devices in plan should minimize the distance between centre of mass and
centre of stiffness at each storey, and thus the associated torsion
response effects.

4.3. Third step: multi-objective structural verification of seismic response
in retrofitted conditions

The third step comes with the two following sub-steps: 3.a. evalua-
tion of the elastic properties of the bracing system and the total lateral
stiffness of the retrofitted structure; 3.b. final verification of the seismic
performance of the latter.

Step 3.a: The in-series arrangement of elastic-damping devices on top
of the supporting inverse chevron braces causes to reduce the elastic
stiffness of the i-th of the ixcy) bays of the frame structure where the

_ K X(Y)

dampers are mounted, k%5 AX(Y) = O

, to the corresponding stiffness of

the dissipative bracing system k&S

L DAX(Y) evaluated as:

RS RS
ki, X(Y)kz AX(Y)
RS RS

k,ezx (v) kmx (v)

kff)A,X(Y) = (28)

where kB | . is the stiffness of the devices installed on the same bay.

LA X(Y)

Thus, the total stiffness of the system, K&

bax(y) is given by the sum of
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the contributions of the iy bays along X, and iy bays along Y, where it is
incorporated:
ix(iv)
R.
KDi,X(Y) =

i=1

i.ls;A,X(Y) (29)

Then, the total lateral stiffness of the retrofitted structure is equal to
the sum of Kf3 ;) and the K%, stiffness of the original structure. The
corresponding periods in RS conditions are:

. M M
T i =27 | =200, | (30)
PASX™) Kgfxs.x(y) Kgi,x(y) + KS,SX(Y)

Step 3.b: The final verification of the retrofitted structure, based on a
time-history analysis carried out by means of a detailed finite element
model, is aimed at checking whether the response to the earthquake
levels considered in the design analysis meets the assumed performance
objectives.

5. Geometrical and structural characteristics of the case study
building

The case study examined for a demonstrative application of the
design criterion is a nursery school built in Florence in the early 1970s.
The building is a single-storey RC precast structure, composed of two
asymmetrically joined blocks, named 1 and 2 in the structural plan of
Fig. 5, where the reference coordinate axes, the fixed alignments and the
numbering of columns are shown too. The longitudinal cross section
parallel to the 3X fixed alignment is represented in Fig. 6. The di-
mensions of the two blocks in plan are equal to 16.00 x 15.65 m x m
(Block 1) and 15.70 x 15.85 m x m (Block 2). The above-ground height
of the building, Hp, is equal to 3.30 m.

The structure is constituted by three types of precast “Omega”-sha-
ped RC beams, named By, Bg, and B¢ in Fig. 7a-c, and identical precast
RC columns, with dimensions of 300 x 300 mm x mm (Fig. 7d). As
highlighted in the plan, the beams of Block 2, parallel to Y, have 2.70 m
long end-cantilever spans. The roof floor is composed of T-shaped pre-
fabricated RC purlins, parallel to X, placed at a mutual distance of 1040
mm, with 510 mm-high T-shaped section, including a 60 mm-thick
upper RC slab (Fig. 7e).

The ground floor is made of the same T-shaped purlins, which are
orthogonally oriented with respect to the roof ones. Foundations are
smoothed socket-type, with a hollow core where the bottom end zone of
columns is grouted. The infills of the building are made of traditional
double-layer (the hollow bricks outside, solid bricks inside) masonry
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Fig. 5. Structural plan of the case study building (dimensions in millimeters).
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panels.

An investigation campaign was carried out on materials and struc-
tural members, including on-site Son-Reb, pacometric and Vickers-type
micro-durometer analyses, and laboratory tests on concrete and steel bar
samples. Tests on beam-to-column connections were not carried out due
to the inherent difficulties in developing them. Consequently, the
seismic assessment analysis of the building was developed by hypothe-
sizing hinge (HT) and fixed-end (FT) limit conditions for the beam-to-
column joints, and thus a cantilever-like (HT) and near shear-type (FT)
behaviour of the structure under lateral loads. The following mechanical
properties were estimated from the results of the testing campaign:
mean cubic compressive strength of concrete equal to 23.6 N/mm?
yield stress and limit stress of steel equal to 430.5 MPa and 594 MPa,
respectively. The total seismic mass of the building computed from the
load analysis is equal to 390.7 kN/g.

6. Assessment analysis in current conditions

The assessment study of the structure, constituting Step 1 of the
procedure, was articulated in a preliminary modal analysis, and a non-
linear time-history analysis. The structure was modelled by means of
SAP2000nL software [41], introducing hinged (HT), or fixed end (FT)
constraints on top of columns, as observed above. The results obtained
for the two limit cases, both in current (CS) and retrofitted (RS) condi-
tions, are discussed in the next Sections. A view of the finite element
model of the structure, generated by using frame-type elements for all
members, is displayed in Fig. 8.

The analysis was carried out for the three upper reference seismic
levels fixed in the Italian Standards [30], i.e. Serviceability Design
Earthquake (SDE, with 63 % probability of being exceeded over the
reference nominal structural life Tyg), Basic Design Earthquake (BDE,
with 10 %/Tyg probability), and Maximum Considered Earthquake
(MCE, with 5 %/Tyg probability). The Tyg period is fixed at 75 years,
which is obtained by multiplying the nominal structural life Tyy of 50
years by a coefficient of use C, equal to 1.5, imposed to buildings whose
seismic resistance is of importance in view of the consequences associ-
ated with their possible collapse, like the case-study school. By referring
to topographic category T1 (flat surface), and B-type soil (deposits of
very thick sand, gravel or very stiff clay) for the site where the building is
located, the resulting peak ground accelerations for the three seismic
levels are the following: 0.078 g (SDE), 0.181 g (BDE), and 0.227 g
(MCE) for the horizontal components; 0.022 g (SDE), 0.079 g (BDE), and
0.111 g (MCE) for the vertical ones. Relevant pseudo-acceleration elastic
response spectra at linear viscous damping ratio ¢ = 5 % are shown in
Fig. 9.

Time-history analyses were developed by assuming artificial ground
motions as inputs, generated in families of seven by SIMQKE-II software
[42] from the pseudo-acceleration spectra above. As required by the
Italian Standards [32], as well as by several other international seismic
Codes and Regulations [17,43], in each time-history analysis the
accelerograms were assumed in groups of two simultaneous horizontal
components, with the former selected from the first generated family of
seven motions and the latter selected from the second family, plus the
vertical component.

6.1. Analysis in the HT-CS hypothesis

The modal analysis carried out by referring to the HT scheme in
current state (HT-CS) shows two first translational modes along X and Y,
with periods of 0.92 s (X), THL-C5, and 0.90 s (Y), TH.- 5, respectively,

elX el
and effective modal masses (EMMs) of about 98.8 % for both directions.
The third mode is purely rotational around the vertical axis Z, with
period of 0.735 s, and EMM equal to 99.9 %.
The results of the analyses carried out at the SDE are evaluated in

terms of maximum horizontal roof displacements, u%,’)cs, and their ra-
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Fig. 8. View of the finite element model of the HT- (a) and FT- (b) structure, differing for the roof beam-to-column connections.

tios to the building height, pfg((’gs (Table 1). The peak pf)T((’YC)S values
induced by the most severe among the seven groups of input motions are
as follows: 0.59 % in X, and 0.49 % in Y. The former is greater, and the
latter a bit smaller, than the above-mentioned Immediate Occupancy-
related interstorey drift limit of 0.5 %, herein assumed as Dgp;.

The computed pﬁ’ﬁ(ﬁs values are equal to 1.29 % (X) and 1.13 % (Y)

at the BDE, 1.68 % (X) and 1.36 % (Y) at the MCE, assessing moderate-
to-high (BDE) and high (MCE) potential plastic demands on columns,
should an inelastic—instead of elastic—finite element analysis be car-
ried out, and very severe (BDE) to extremely severe (MCE) damage of
infills. According to Italian Standards, the performance level attained in
terms of displacement response is Life Safety (LS), both for the BDE and
the MCE.

The response to the two upper seismic levels was assessed also in
terms of base shear and stress states. Table 2 reports the maximum base
shear values, Vi< VR
values, Vg x(v), where the latter are equal to: Vg x = Vg y = 550.3 kN. By
focusing on the analyses carried out at the BDE, the Vi, and p{f}
values result as follows: 788.9 kN (VET=¢5) and 740.4 kN (ViT-C5); 1.43
(p%9%) and 1.34 (%), assessing unsafety factors greater than 40 %
(X) and 30 % (Y). Concerning the response of columns, neither the shear-
related stress state checks nor the combined axial force-biaxial bending
moment checks are met in both directions.

By way of example of the latter checks, Fig. 10 shows the combined
response histories of the bending moments around the two axes, MiC5,

, and their ratios, p to relevant strength
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Fig. 9. Normative pseudo-acceleration elastic response spectra for Florence: horizontal (a) and vertical (b) components.

MT-CS_ obtained from the most demanding among the seven groups of
BDE- and MCE-scaled accelerograms, for columns C1, C11 and C16
(according with the nomenclature in Fig. 5). The boundary of the safe
interaction domain of these columns, traced out for the value of the axial
force referred to the basic combination of gravity load, is also drawn in
these graphs. The response curves highlight maximum M7 —CS_MET-CS
values significantly exceeding the safe domain boundary. Indeed, they
result 1.75 (bending moment around X) and 1.49 (bending moment
around Y)—C1 column, 1.84 (X) and 1.66 (Y)—C11, and 1.88 (X) and
1.84 (Y)—C16 times greater than the corresponding values situated on
the boundary, at the BDE, and 2.32 (X) and 1.88 (Y)—C1, 2.46 (X) and
2.14 (Y)—C11, and 2.53 (X) and 2.36 (Y)—C16 times, at the MCE. The
mutual differences between the moment ratio values for the columns
situated in opposite positions in plan, i.e. C1 and C16 (equal to 7.1 % in
X, and 18.4 % in Y, for the BDE; and 8.3 % in X, and 20.3 % in Y, for the
MCE), show relatively low torsion effects on the structure.

6.2. Analysis in the FT-CS hypothesis

The modal analysis carried out on the FT model in CS conditions (FT-
CS) shows two first horizontal translational modes along X and Y, with
vibration periods T5 5, Ty @5, equal to 0.498 s, and 0.472 s, respec-
tively, and EMMs equal to 98.6 % in X and 93.3 % in Y. As for the HT
scheme, the third mode is purely rotational around the vertical axis Z,
with period of 0.426 s and EMM equal to 92.8 %.

The results of the time-history analyses developed at the SDE are

evaluated in terms of maximum displacements, uf(f;)cs, and their ratios

to the building height, pfg;(g)s , in this case too. As reported in Table 3, the

FT—CS
Pux(y)

input motions are as follows: 0.33 % in X, and 0.35 % in Y, i.e. coinciding
with, or close to, the 0.33 % interstorey drift limit fixed by Italian
Standards for the Operational performance level. The pi@;&f values
computed for the BDE and MCE are: 0.83 % (X) and 0.73 % (Y)—BDE,
1.06 % (X) and 0.94 % (Y)—MCE, to which moderate damage on col-
umns, and moderate-to-severe damage on infills (BDE), and moderate-
to-severe damage on columns and severe damage on infills (MCE) can
be associated. All these displacement-related damage levels are lower
than the ones evaluated for the HT scheme. This result is consistent with
the notably higher lateral stiffness of the FT scheme.

Similarly to Table 2 for the HT-related analyses, Table 4 summarizes
the results obtained in terms of maximum base shears, Vf((T;)CS , and their

values induced by the most severe among the seven groups of

ratios, p"‘"/Tg(f,S), to relevant strength values, Vg x(v), for the SDE, BDE and

FT—CS

MCE. As expected for this stiffer scheme, py; (%) values are significantly

greater than the HT-related ones. By focusing attention on the response
at the BDE, Vf((T;)CS values result as follows: 1373 kN (VET=%5) and 1509

kN (V§T~55), giving rise to base shear ratios of 2.49 (p} ) and 2.74
(0¥ ). Like for the HT model, neither the shear stress state checks nor

10

the combined axial force-biaxial bending moment checks on columns
are met.

The biaxial moment response curves shown in Fig. 10 for the HT case
are duplicated in Fig. 11 for the FT scheme, highlighting that maximum
MET-CS_MET-CS combined values significantly exceed the safe domain
boundary in this configuration too, with peaks up to 20 % greater for the
fixed-end hypothesis. Indeed, the moments in Fig. 11 are 1.88 (around
X) and 1.71 (around Y)—C1 column, 1.94 (X) and 1.78 (Y)—C11, and
2.12 (X) and 1.94 (Y)—C16 times greater than the corresponding values
situated on the safe domain boundary, for the BDE, and 2.45 (X) and
2.03 (Y)—C1, 2.42 (X) and 2.26 (Y)—C11, and 2.69 (X) and 2.48 (Y)—
C16 times at the MCE. As observed for the HT-CS scheme, the differences
between the values of the moment ratios for columns C1 and C16 (11.3
% in X, and 11.7 % in Y, for the BDE; 9.1 % in X, and 18.3 % in Y, for the
MCE) identify little torsion effects in plan for the FT-CS case too.

7. T-ADAS Dissipative bracing retrofit solutions

By referring to the nomenclature in Fig. 4, the geometric sizes
initially selected for the plates of the T-ADAS devices are as follows: H,
=150 mm, t, = 15 mm, and B, = 75 mm. The constituting steel is S275
type, with yield stress and tensile strength equal to fyx = 275 N/mm? and
fi = 430 N/mm?, respectively. The application of the sizing procedure
of the dampers is presented below separately for the HT and FT
configurations.

7.1. Retrofit intervention in the HT hypothesis

Step 1.
As observed in Section 6.1, the main translational periods of the HT-

CS structure (Th5 % = 0.92s, T = 0.90 5), are both slightly smaller

than the Tjyr value, equal to 0.95 s (Fig. 1f). The corresponding SH% ¢S
and SH7-¢5 pseudo-acceleration values at the BDE can be estimated from
the graphs in Fig. 9. They result to be equal to 0.20 g (S7%-5) and 0.204

g (SH-C5). Then, the SHT S

mated from (2), obtaining: 42.1 mm (%) and 41.1 mm. Therefore,

by assuming Dges = 0.5 % Hp = 0.005-3300 = 16.5 mm, the following
design parameters are obtained by applying (11) through (14): ASjy =
25.6 mm; ASy} = 24.5 mm; Sy = 287.5 mm/s; AT, = 0.559 s; AT, =
0.538 s; THL RS = 0.36 5; TH5 S = 0.364 5.

The Tgﬂ(‘&f)s periods, both smaller than T¢, equal to 0.427 s, are used

to size the inverted chevron brace sections, starting from the corre-

spectral displacement values can be esti-

sponding Kf&?{}f
the objective of determining fundamental periods greater than T¢ for the
retrofitted building. Indeed, as shown in the next step of the procedure,
the in-series connection between chevron braces and dampers produces

a lateral stiffness KI1- §fy) of the HT-RS structure smaller than K(T¢) =

stiffness values. This assumption is not in contrast with
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HT-RS
Puy
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Pux
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Puy
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Pux

uff"-RS (mm) ulT-RS(mm)
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1.36
0.56

1.68
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44.9
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1.13

0.44

1.29
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18.5

14.6
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84603 kN/m, considered as an upper threshold for the retrofitted
building. By referring to Kﬁ&z{}f , tubular profiles with external diameter
of 42.4 mm and thickness of 2.5 mm are selected for the diagonal trusses.

Moreover, due to the fact that THL*S and TH% %S are included in the

period range with constant pseudo-acceleration, equal to Sq(T¢), the
Fii%) base shears are assumed as equal to the Fy(T¢) value computed
by means of relation (16), by multiplying the M = 390.7 kN/g total mass
of the building by Sy(T¢) = 0.427 g, i.e. Fii ™S = FILRS = Fy(T¢) =
390.7-0.427-g = 1648.2 kN.

Step 2.

2.a. The Eg:g((y) energy dissipation capacity of the dampers is evalu-
ated by referring to the equivalent damping force F’gg{(y) calculated by
relation (17): F§% = FETY =1097.9 kN. In this case: ASHT = 25.6 mm,
ASHY = 24.9 mm, which are both greater than Dyges. Based on the ob-
servations in Section 4.2, the Sgs design displacement of the dissipaters,
which is the minimum between AS; and Dges, is put as equal to Dges for

both directions. Thus, Ej% ;) is obtained by means of (19): Ejy = Ejy=

72.5 kJ.

2.b. The following values of the energy dissipation demand per plate
are derived from (26), for Sges = Dges: E{{Tlpx = Eg?lp‘y = 0.325 kJ.
Moreover, as AT xy) is greater than ATpc_iNrhe, N iS tentatively
assumed as equal to 5, within the ([4,8]) interval discussed above, in
order not to oversize the dissipaters. Consequently, the total number of
plates given by relation (27) results to be: NG =N}'i ~ 45. By rounding
this value, 48 plates in X and 48 plates in Y are adopted. The plates are
assembled in groups of 12, symmetrically placed on the 4 bays high-
lighted in blue along X, and red along Y, in the plan of Fig. 12. It is
observed that the four internal bays selected for the installation (D2X,
D3X, D2Y, D3Y) constitute the perimeter of the building hall, which is
bounded by the partitions situated on the four plan alignments defined
by columns C5 through C7, and C10 through C12. This positioning does
not interfere with the free functioning of this portion of the building. At
the same time, it does not obstruct access to the classrooms, since the
inverse chevron layout of braces allows introducing a door in between
each pair of diagonal trusses when the partitions are rebuilt, leaving the
architectural arrangement of the interiors unchanged.

Step 3.

3.a. The final evaluation of the elastic properties of the dissipative
braces is carried out by considering the in-series connection of diagonal
trusses and plates. By applying (28), where kif RS = kT RS = 12.kp, =
12.2625.7 = 31508 kN/m is the elastic stiffness of each T-ADAS device
composed of 12 plates, and kfI" RS = kTR — 25201 kN/m is the elastic
stiffness of each inverted chevron brace along the two axes, the stiffness
values of the in-series system, k%7 "85 and k{17 S, result to be both equal
to 14,000 kN/m.

Consequently, the increased stiffness produced by the 4 + 4 damped
braces incorporated in the structure is equal to KHj &S = KHI FS=

56,001 kN/m. By considering that KL-¢5 KHT-CS are 18,222 kN/m and

el.X elY
19,044 kN/m, respectively, the following fundamental periods of the
retrofitted structure are estimated by (30): THi & = 0.456 s; THI &S =
0.453 s.

3.b. The verification step of the HT-RS structure performance starts
from the results of the modal analysis in retrofitted conditions, which
shows two first translational modes along X and Y, with nearly coinci-
dent vibration periods, equal to 0.474 s (X), and 0.462 s (Y), and EMMs
of 69.6 % (X), and 69.8 % (Y), respectively. The third mode is rotational
around Z, with period of 0.403 s, and EMM equal to 94.3 %. The first two
periods are close to the corresponding values calculated by relation (30),

TS §(sy), which differ by about 4 % in X, and 2 % in Y.
yHT-RS

The bottom line of Table 1 offers a list of maximum drifts, )

and drift ratios, p’j)T((*f)s, for the HT-RS structure, obtained from the
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Table 2
CS and RS conditions for the HT scheme: maximum base shears Vi{}) and pl§,, ratios.
SDE BDE MCE
CS/RS  Vixy (N)  VITRSUN)  VETRS(N)  pfTRS RS VHTRSGRN)  VHTRSRN)  pHIRS RS VITRSGN) VT RSGN) TR pHTRS
HT-CS 550.3 363 337 0.66 0.61 789 740 1.43 1.34 1055 956 1.92 1.74
HT-RS 550.3 371 389 0.67 0.70 629 559 1.14 1.01 761 655 1.38 1.19
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Fig. 10. HT-CS structure. MJT-¢S_MT-CS biaxial moment interaction curves at the base section of C1, C11, and C16 columns obtained from the most demanding
BDE-scaled (a, b, ¢) and MCE-scaled (d, e, f) groups of accelerograms, and relevant biaxial moment safe domains.

numerical analyses carried out by the SDE-, BDE- and MCE-scaled

accelerograms. At the SDE, the pf_f((}?)s values are as follows: 0.20 % in

X, and 0.22 % in Y, both lower than the Operational performance level

limitation of 0.33 %. The pﬂ({ff values computed for the two upper

earthquake levels are: 0.54 % (X) and 0.44 % (Y) at the BDE, 0.69 % (X)
and 0.56 % (Y) at the MCE, to which no damage to columns, and
negligible (BDE) and low (MCE) damage to infills and partitions, is
related.

By comparing these data with the corresponding values in current
conditions, reduction factors on the drift ratios equal to 58 % (X) and 61
% (Y) at the BDE, and 59 % both in X and Y at the MCE are found,
assessing a considerable performance enhancement in terms of lateral
displacements produced by the retrofit intervention.

The results in terms of maximum base shears V)’;’(TY’)RS , and their ratios

HT—RS
Pvx()>

Table 2. Maximum percent differences equal to about 14 % (X) with the
tentative values estimated by the procedure are observed at the BDE.
More specifically, the incorporation of the protective system allows to
decrease the base shear ratios from 1.43 % to 1.14 % (X) and from 1.34
% to 1.01 % (Y) at the BDE, and from 1.92 % to 1.38 % (X) and from
1.74 % to 1.19 % (Y) at the MCE. The slightly lower reductions obtained
in X direction are a consequence of the lower energy dissipated by the set
of T-ADAS devices placed in this direction (D1x-D4x) equal to 63 kJ, as
compared to the dampers in Y (D1y-D4y), equal to 80 kJ. These values
are 13 % lower (X), and 10 % greater (Y) than the Eg}}(y) amounts

estimated at step 2 of the design procedure. At the same time, by

to relevant strength values, are summarized in the bottom line of

12

computing the total dissipated energy in the two directions, the differ-
ence between the value estimated by expression (19), EiT = 145 kJ, and
the value computed from the results of the finite element analysis,
(EET)™™ = 143 kJ, is no greater than 1.3 %.

The response in terms of biaxial bending moments at the C1, C11 and
C16 column bases, displayed by the graphs in Fig. 13, is constrained
within relevant safe domains at the BDE. The boundaries of the domains
are exceeded at most by 12 % for column C16, along Y, at the MCE.

The activation of dampers starting from the SDE is proved by the
hysteretic cycles plotted in Fig. 14, referred to the D1x and D4y devices
(similar responses are obtained for the remaining ones).

The total number of equivalent cycles n, is derived from the results of
the time-history analysis, by computing the total energy dissipated by a
single plate, equal to 1.31 kJ in X and 1.66 kJ in Y, and dividing these
values by the energy dissipated in the cycle characterized by the
maximum plastic displacement (13.8 mm in X, and 10.6 mm in Y), equal
to 0.31 kJ (X) and 0.25 kJ (Y), respectively. Based on these data, n.
results to be about 4.2 in X, and 6.7 in Y. Both values are included in the
interval ([4,8]), confirming that a value of 5 represents an acceptable
tentative assumption for n. when AT, x(y) is greater than ATrc.inNT has
and Sges = Dges.

By dividing the numerically computed maximum base shear values,

V)’g(TY’)Rs, by the total mass M of the building, the associated pseudo-
acceleration values, ngzf)s, can be estimated. Then, the corresponding
)num(V)

spectral damping factors, (ng(TY*)RS , are computed by means of
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Table 3

CS and RS conditions for the FT scheme: maximum displacements 147, and p[T; ¥ ratios.

MCE

BDE

SDE

5 (%)

43

P 0)

TS (mm)

s RS (mm)

35.0

PEL RS (%)

P (%)

ufTR5(mm) ufT-RS(mm) PELRS (%) PEL RS (%) ulT-RS(mm) ufT-R5(mm)

Dges (mm)

CS/RS

0.94
0.64

1.06
0.69

31.0

0.73
0.45

0.84
0.51

24.0

27.6

0.35
0.21

0.33
0.23

11.6

11.0

6.5
6.5

1
1

FT-CS
FT-RS

21.2

22.7

14.9

16.9

7.1

7.6
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(3a). The resulting values are equal to 0.4 in X—(n)’?T’RS)"um(V)—, and

0.35 in Y—(n}"- Rs)numw both below the above-mentioned 0.55
lowest scaling factor of normative elastic response spectra.

By hypothetically referring to 0.4 and 0.35 values, the spectral dis-
placements SHT RS given by (2), or (4a), would be equal to 8.5 mm (X)
and 7.5 mm (Y), respectively, which are notably lower than the
maximum displacements deriving from the numerical analyses, equal to
18 mm in X—uff’® _and 14.6 mm in Y—ulT-F5. Consequently, the
spectral scaling factor and equivalent damping coefficient values cor-

num(u )
responding to )%, (ng(Ty)Rs) (é‘HT RS)

cantly smaller than the ones corresponding to the 0.4 and 0.35 iy

um(u) C
, are signifi-
HI RS

values. Indeed, by extracting the scaling factors from relation (1), where
S, is deduced from (2) by putting S4 as equal to the uf(ITy)RS values above,
and by evaluating the equivalent damping coefficients from the damping

factors, the following <;7§(T‘,*>R5 )n " and ( e >num(u) values are ob-
tained: 0.84 (yT-R)™" and 9.2 % (ZHT-RS)™™ in ¥ and 0.68
(TR and 16.4 % (£4755)"™ in v.

The differences observed between the two families of (777, )RS )"um(v)

(&™) ™mV) and (31> )Rs)"um Y, (el RS)”“m “ values highlight that a

spectral approach for the design of dampers, when carried out separately
in terms of forces or displacements, can generate significant errors,
which must be corrected by applying specific iterative procedures.

Instead, the good correlation between theoretical and numerical
results obtained in terms of dissipated energy shows that force and
displacement reductions can be jointly controlled by applying the pro-
posed energy-based approach, with satisfactory results also when
torsional effects cannot be totally prevented.

>

7.2. Retrofit intervention in the FT hypothesis

Step 1.

As Ebserved in Section 6.2, the fundamental translational periods of
the FT-CS structure (T55% = 0.503 s, TS = 0.474 s) are acceptably
close to Tg, equal to 0.427 s (Fig. 1f). The 5% and SF1¢S pseudo-
acceleration values at the BDE drawn from the spectra in Fig. 9 are
equal to 0.372 g (SF%-%) and 0.394 g (SF, ), respectively. The corre-
sponding spectral displacements are: 23.1 mm (S55%) and 22 mm
(S7%). Dyes is put as equal to 0.5 % of the height Hp of the building in
this case too. Based on these data, equations (11) through (14) provide
the following parameters: ASFTX = 6.6 mm; AS]", = 5.5 mm; Sy = 287.5
mm/s; ATyy = 0.143 5; ATy = 0.118 5; Ty, ®$ = 0.357 5 and T4, *5 =
0.356 s.

As the T{[, {5 periods nearly coincide with the Tj}  values, the
tubular profiles adopted in the HT hypothesis were selected also for the
FT scheme. Therefore, the maximum shears, calculated by (16): FI[®S =

FfITY = F,(T¢c) = M-So(T¢) = 1648.2 kN, are equal to the values ob-
tained for the HT case.

Step 2.

2.a. As a consequence, the equivalent damping forces and energy
dissipation capacity of the devices coincide with the HT-related values
too, i.e.F§L, = FT, = 1097.9 kN, E5f, = E5L,= 72.5 kJ.

2.b. For Sges = Dyges, the damping energy capacity of a single plate is
the same as for HT: Ef1} , x = EfJ , y = 0.325 kJ. On the other hand, n. was
put as equal to 9 in this case, i.e. the minimum value in the interval
([9,14]) suggested in Section 4.2 for ATffX(y) values lower than
ATrc_intha = 0.261 s. Indeed, for the FT scheme the two fundamental
period reductions are: ATY, = 0.143 s, ATS;, = 0.118 s. Thus, the total

number of plates computed by relation (27) results to be: Ny’ X—NFg, ~
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Table 4
CS and RS conditions for the FT scheme: maximum base shears V(;* and pf} % ratios.
SDE BDE MCE
CS/RS Vi xr) (KN) VET-RS (kN) VITRS(KN)  plT RS prIRS VET-RS (kN) VEF-RS(KN)  pFIRS RS VET-RS (kN) VEF-RS(KN)  pFIRS RS
FT-CS 550.3 566 605 1.03 1.10 1373 1509 2.49 2.74 1802 1916 3.27 3.48
FT-RS 550.3 575 518 1.04 0.94 1110 1115 2.02 2.03 1469 1486 2.67 2.69
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Fig. 11. FT-CS structure. M ~S-M%T-C5 bjaxial moment interaction curves at the base section of C1, C11, and C16 columns obtained from the most demanding BDE-
scaled (a, b, ¢) and MCE-scaled (d, e, f) groups of accelerograms, and relevant biaxial moment safe domains.
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Fig. 12. Dissipative bracing system alignments in plan.

24, which is assumed as tentative design value. As it is half the value
obtained for the HT hypothesis, the plates are assembled in groups of 6
per damper, instead of 12, and installed in the same 4 bays of the
building (Fig. 12).

Step 3.

3.a. By applying relation (28) for 6 plates, the following elastic

14

stiffness of each T-ADAS device results: kf};}“ kﬁ_}Rs = 6kp, =
6-2625.7 = 15754 kN/m. By combining this value with the stiffness of
each brace: kfT-RS — kFT-RS — 25201 kN/m (equal to the HT case), the

iel. X ielY
stiffness values of the dissipative system, k755 and k7,5, are both
equal to 9694 kN/m. Therefore, the increased stiffness produced by the

4 + 4 dissipative braces is: Kijyx° = Kp, = 38,776 kN/m. As K}, *

and K%, are equal to 61,702 kN/m and 68,598 kN/m, respectively,
the following fundamental periods of the retrofitted structure result
from (30): Ty RS = 0.392s; THIGRS = 0.379 s.

3.b. The modal analysis shows two first translational modes along X
and Y, with vibration periods of 0.409 s (X), and 0.394 s (Y), and EMMs
equal to 97 % (X), and 92 % (Y), respectively. The third mode is purely
rotational around Z, with period of 0.356 s, and EMM equal to 92 %.
Similarly to the HT hypothesis, differences no greater than 4 % (3.9 % in
X, and 3.8 % in Y) are found, as compared to the values estimated by the
procedure, Tgﬁgﬁy).

Table 3 duplicates, for the FT scheme, the results listed in Table 1 for
the HT one. At the SDE, the maximum p{, ¥ values are: 0.23 % in X and
0.21 % in Y, both lower than 0.33 % Operational level-associated drift
limitation. The BDE and MCE-related pfj }} values are: 0.51 % (X) and
0.45 % (Y)—BDE; 0.69 % (X) and 0.64 % (Y)—MCE, assessing no
damage to columns for both levels, and negligible (BDE) and low (MCE)
damage to infills and partitions, like in the HT case. The reduction fac-
tors on the drift ratios as compared to current conditions are equal to 39
% (X) and 38 % (Y) at the BDE, and 35 % (X) and 32 % (Y) at the MCE. It
is worth noting that these values are smaller than for the HT scheme,



G. Terenzi Engineering Structures 284 (2023) 115969
200 HT-RS 200 HT-RS 200 HT-RS
BDE BDE BDE
E 100 € 100 € 100
=z zZ P
3 Z 3 /////\\\\\
? 0 2 0 @ 0
L { ;' N
=-100 =-100 =-100
-200 Cc1 -200 c11 -200 C16
-200 -100 0 100 200 -200 -100 0 100 200 ) -200 -100 0 100 200
MHT-RS [kN MHT=RS TkN c MHT-RS kN
a) I b) H7 RN {7RS [kN]
HT-RS HT-RS
200 MOE 200 MOE 200
'g‘ —_— —
100 € 100 E 100
3 3 :
E::’ 0 @ 0 ‘;f” 0
N S N
<1100 100 =100
-200 Cc1 -200 c11 -200
-200 -100 0 100 200 -200 -100 0 100 200 -200 -100 0 100 200
MHT—RS [kN] MHT—RS [kN] MHT—RS [kN]
d) ¥ e) ¥ f) ¥

Fig. 13. HT-RS structure. M{T-RS _ MIT-RS biaxial moment interaction curves at the base section of C1, C11, and C16 columns obtained from the most demanding
BDE-scaled (a, b, ¢) and MCE-scaled (d, e, f) groups of accelerograms, and relevant biaxial moment safe domains.
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Fig. 14. HT-RS structure. Hysteretic cycles of D1X and D4Y dampers obtained from the most demanding SDE-scaled (a, d), BDE-scaled (b, ) and MCE-scaled (c, f)

groups of accelerograms.

characterized by a considerably lower lateral stiffness.

The maximum base shears VF'(F’RS, and their ratios to relevant

X(Y
FT—RS
Pvx(y)

highlight values of about 2 for the latter at the BDE, with reductions no
greater than 35 % as compared to current conditions. Since the corre-
sponding reductions in terms of maximum displacements are equal to

strength values, summarized in the bottom line of Table 4,

15

62 %, these data confirm that the stiffening effects induced by a T-ADAS-
based retrofit intervention in an originally stiff building can generate
base shear reductions not fully meeting the design objectives, also when
they are met in terms of displacements.

Consistently with these observations, the biaxial bending moment
histories at the base of the reference columns C1, C11 and C16, graphed
in Fig. 15, highlight maximum values exceeding the safe domain
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Fig. 15. FT-RS structure. M§T —RS _ M’;,T’RS biaxial moment interaction curves at the base section of C1, C11, and C16 columns obtained from the most demanding
BDE-scaled (a, b, ¢) and MCE-scaled (d, e, f) groups of accelerograms, and relevant biaxial moment safe domains.

boundary also for the BDE, with peaks of 32 % around X and 20 %
around Y, for the most stressed column C16.

The response cycles plotted in Fig. 16 show a slightly lower plastic
activity of the dampers mounted along X, which is reflected in terms of
dissipated energies. By way of example, for the most severe BDE-scaled
group of accelerograms, the energy associated with the response of the
D;x-Da4x devices is equal to 60 kJ, whereas the energy relevant to the
D;y-D4y dampers is equal to 66.7 kJ, with a difference of about 10 %.

These values are 20.7 % (X), and 8.7 % (Y) lower than the Eng(Y) ones
evaluated at the design stage. By computing the total dissipated energy
for the two axes, the difference between the estimated EET (EE" = 126.7
kJ), and numerical (E5 )™ values, with (E5')™™ = 145 kJ, is of 14.4 %.

Similar to the HT scheme, the total number of equivalent cycles n, is
evaluated by referring to the maximum total energy dissipated by a
single plate, in the BDE-related time-history analyses, equal to 2.5 kJ in
X, and 2.93 kJ in Y. By dividing these values by the energy dissipated in
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Fig. 16. FT-RS structure. Hysteretic cycles of D1X and D4Y dampers obtained from the most demanding SDE-scaled (a, d), BDE-scaled (b, e) and MCE-scaled (c, f)

groups of accelerograms.
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the cycle characterized by the maximum plastic displacement (11.3 mm
in X, and 9.9 mm in Y), equal to 0.26 kJ (X) and 0.23 kJ (Y), n. results to
be equal to 9.6 in X and 12.7 in Y. As both values belong to the reference
([9,14]) interval, the n. = 9 tentative assumption, for AT, xy) < ATrc
INT,ha» 18 validated for the examined case study.

X num(V) .
The spectral damping factors (ng'(r;)xs ) derived from the nu-
merical base shear values V)}‘;(T%Rs, and related pseudo-accelerations,
Si» are equal to 0.66 in X—(iy" *RS)""m(V)—and 0.67 in

Y—(n’;,T’RS)""m(V)—, both greater than the 0.55 limit.

The spectral displacements SS&’()’})S estimated by (2) are equal to 12

mm (X) and 11.2 mm (Y), i.e. 28 % (X) and 24 % (Y) smaller than the
maximum displacements computed by the numerical analysis, equal to
16.9 mm in X—uff ®—and 14.9 mm in Y—uT-RS. The corresponding

FT—RS

num(u)
spectral damping factors, (qX(Y) ) , and equivalent damping co-

num(u)
efficients, (55;({;;‘5) , are: 0.73 (n?*RS)"um(m and 13.6 %

(E777)™™ in X, and 0.70 (47 %)™ and 15.1 % (&7 %)™ in Y.

The differences between the two families of nf((T;)R

S and ff((T;fs values
confirm the non-uniqueness of the definition of the equivalent damping
parameters deriving from a direct spectral approach, as observed above
for the HT-RS case.

In order to discuss further the validity of the assumption of a n. value
included in the interval [9,14] when AT x(v) is lower than ATrc.inT ke, @
different FT-RS solution (named FT-RS2) is analyzed here, which con-
sists in adopting a total number of plates referred to n. = 5, instead of 9.
This determines Ng:g(’(gfz values equal to about 45 for both directions,
similarly to the HT-RS scheme. Therefore, a final choice of 4 + 4 devices
with 12 plates each is selected in this case too. Based on this tentative

sizing, the results relevant to the FT-RS2 solution are synthesized below.

- As visualized in Fig. 17, the retrofit intervention causes maximum
MET-RS2 - MET-RS2 moments in the most stressed column C16 still
exceeding, at the BDE, the safe domain, but by no more than 3.3 %
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around X, and 15 % around Y, with a small improvement as
compared to the FT-RS solution.

The total energy dissipated by the dampers is equal to 67.4 kJ in X,
and 43,8 kJ in Y, i.e. 93 % (X) and 60 % (Y) of the ESTX(Y) design

values. The about 40 % difference between the Ej’ contributions in X
and Y highlights that the damping capacity of Diy-D4y devices is
underutilized, as they behave mainly like stiffening elements. This
produces also an increase in torsional effects in plan. Due to the
lower performance of the dampers in Y, the suitability of the design
assumption for n. is checked only for the devices installed in X. Based
on the results of the time-history analyses, a value of 9.4 is found,
which confirms further the assumption of a value included in the
interval ([9,14]) when AT, x(y) is lower than AT7c.NT ha-

By comparing the numerical results obtained for the FT-RS and FT-
RS2 schemes, the greater number of plates adopted for the latter
reduces the energy dissipated by each plate and increases the stiff-
ness of the retrofitted building. In particular, when the stiffness de-
termines fundamental translational periods equal to or lower than
T, steel dampers work mainly as stiffening devices, as observed
above. This is confirmed by the graphs in Fig. 18, where the time
histories of the input (E;) and dissipated (Ep) energies obtained for
the FT-RS and FT-RS2 solutions are plotted in superposition for the
most severe SDE-, BDE-, MCE-scaled accelerograms. Indeed, these
graphs show that the double number of plates selected for the TF-RS2
design hypothesis increases the input energy by 18.2 % (SDE), 9.5 %
(BDE), and 11.9 % (MCE), and reduces the dissipated energy by 50.7
% (SDE), 8.6 % (BDE), and 10.6 % (MCE).

. Conclusions

The design procedure of steel dampers incorporated in dissipative
bracing systems for the seismic retrofit of frame structures formulated in
this study, and demonstratively detailed for T-ADAS devices, is
conceived for any type of steel hysteretic dampers characterized by joint
stiffening and damping elasto-plastic properties. In order to properly
exploit both properties, the procedure initially targets to constrain
lateral displacements below an assumed design limit, Sg.s, by increasing
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Fig. 17. FT-RS2 structure. M§' RS2 _ MFT-RS2 biaxial moment interaction curves at the base section of C1, C11, and C16 columns obtained from the most demanding
BDE-scaled (a, b, ¢) and MCE-scaled (d, e, f) groups of accelerograms, and relevant biaxial moment safe domains.
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Fig. 18. Input and dissipated energies for the FT-RS and FT-RS2 retrofit solutions, obtained for the most demanding SDE-scaled, BDE-scaled and MCE-scaled groups

of accelerograms.

the translational stiffness of the original structure. Afterwards, the
procedure tentatively estimates the damping capacity of the dissipaters
needed to reduce base shears below the corresponding strength values
computed for the two reference axes in plan. As shown, the evaluation of
the Ep x(v) energy dissipation capacity of the devices depends on the
correlation between the AT, x(y) fundamental period reductions caused
by the retrofit intervention and the ATy¢_ivrne reference period reduc-
tion. The latter is equal to half the difference between the Tjyr period
corresponding to the intersection of the pseudo-acceleration and
displacement spectra and the T initial period of the constant pseudo-
velocity spectrum branch.

In the case of T-ADAS devices, this correlation directly influences the
estimation of the number of plates needed to attain the targeted Ep x(y,
values, which are a function of the number of equivalent cycles n..
Indeed, it is demonstrated in the study that n, varies from 4 to 8 when
AT, x(y) is greater than ATrc_inrne, and from 9 to 14 when AT, xy) is
smaller than ATrc nrhe- This result provides more specific choice
criteria for n. within the ([4,14]) range already suggested in the
literature.

The single-storey school building analyzed as demonstrative case
study allowed to explicate the application of the procedure in practice,
as well as to integrate the general considerations underlying its formu-
lation, as recapitulated below.

- By comparing the performance obtained for the two hypotheses of
hinged or fixed-end roof beam-to-column connections of the precast
RC structure, it is shown that the effectiveness of the hysteretic de-
vices decreases as the fundamental vibration periods in retrofitted
conditions decrease, and particularly when the periods become
smaller than T¢.

For the HT scheme, when AT,y is greater than ATrc_jNrpna, the
design assumption n, = 5 results to be satisfactory. A greater
exploitation of the hysteretic capacity of dampers, reached for
greater plastic response displacements, tends to locate n. in prox-
imity to the lower boundary of the ([4,8]) interval, as checked in X
direction, where the computed n, value is equal to 4.2. For smaller
displacements, like the ones obtained in Y, n. tends to approach the
upper boundary of the interval (as assessed by a value of 6.7 for this
axis).

The target performance in terms of lateral displacements, base
shears, and maximum moments at the base of columns was met for
the HT scheme with only a minimum difference (1.3 %) between the
tentatively estimated and the computed values of the total energy
dissipated by the dampers. On the other hand, the analysis of this less
stiff structural configuration—which causes a higher energy dissi-
pation demand on the T-ADAS devices—shows that the estimation of
the equivalent linear viscous damping ¢ for the protective system can
provide notably different results depending on whether it is carried
out in terms of forces (i.e. accelerations) or displacements. This
confirms the need for iterative sizing approaches when the design is
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developed separately for the two quantities, while such need is
bypassed by their joint control included in the proposed energy-
based procedure.

For the FT scheme, where—unlike in the HT one—AT,; x(y) is smaller

than ATrc_mvrna, the assumption of a n. value equal to 9 effectively
predicts the energy dissipation demand on the dampers when the
latter matches the energy value estimated at the sizing stage, as it
occurs for the X direction. Instead, when the energy dissipation
computed by the time-history analyses is notably smaller than the
target design value, as observed in the Y direction, n. approaches the
upper boundary of the ([9,14]) range (reaching a value of 12.7 in the
considered case).

The analyses carried out for the FT scheme also highlight that, when
the lateral displacements of the structure in current conditions are
small, i.e. below 0.5 % of its height, as surveyed for the FT-RS
scheme,

the T flif(Y) period in retrofitted conditions can be smaller

than T¢. When this occurs, it may be preferable to install conven-
tional elastic braces, instead of dissipative ones, since T-ADAS de-
vices work essentially as stiffening elements, rather than damping
devices.

CRediT authorship contribution statement

Gloria Terenzi: Conceptualization, Methodology, Validation,
Writing - review & editing, Supervision, Funding acquisition, Software,
Investigation, Data curation, Visualization.

Declaration of Competing Interest

The author declares that she has no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.
Acknowledgements

The study reported in this paper was financed by the Italian
Department of Civil Protection within the ReLUIS-DPC Project 2022/

2024 — Research Line 15: Normative Contributions for Isolation and
Dissipation. The authors gratefully acknowledge this financial support.

References

[1] Hanson RD, Soong TT. Seismic design with supplemental energy dissipation
devices. Publication MNO-8 EERI-Earthquake Engineering Research Center:
Oakland, CA, 2001.



G. Terenzi

[2]

[3

=

[4]
[5]
[6]

[7]

[8]

[91
[10]
[11]
[12]
[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Soong TT, Spencer BF. Supplemental energy dissipation: state-of-the-art and state-
of-the-practice. Eng Struct 2002;24(3):243-59.

Christopoulos C, Filiatrault A. Principles of passive supplemental damping and
seismic isolation. IUSS PRESS, Pavia, Italy, 2006; ISBN: 88-7358-037-8.

Lazan BJ. Damping of materials and members in structural mechanics, Pergamon
Eds, Oxford, 1968.

Sorace S, Terenzi G. Seismic protection of frame structures by fluid viscous damped
braces. ASCE J Struct Eng 2008;134(1):45-55.

Aiken ID, Nims DK, Whittaker AS, Kelly JM. Testing of passive energy dissipation
systems. Earthq Spectra 1993;9(3):335-70.

Ramirez OM, Costantinou MC, Whittaker AS, Kircher CA, Chrysostomou CZ. Elastic
and inelastic seismic response of buildings with damping systems. Earthq Spectra
2002;18(3):531-47.

Mazza F, Mazza M, Vulcano A. Displacement-based seismic design of hysteretic
damped braces for retrofitting in-elevation irregular r.c. framed structures. Soil
Dyn and Earthq Eng 2015;69(115124).

Hyderuddin M, Imran MM, Mobhsin S. Retrofitting of reinforced concrete frames
using steel bracing. Int J Sc Res Dev 2016;4(08):297.

Terenzi G. Energy-based design criterion of dissipative bracing systems for seismic
retrofit of framed structures. Appl Sci 2018;8(2):268.

Terenzi G, Bazzani C, Costoli I, Sorace S, Spinelli P. Advanced seismic retrofit of a
mixed R/C-Steel structure. Buildings 2019;9(12):241.

Sorace S, Terenzi G. Roof isolation and girder-to-column dissipative connections in
seismic design of precast R/C structures. Infrastructures 2020;5(11):104.

Terenzi G, Costoli I, Sorace S. Activation control extension of a design method of
fluid viscous dissipative bracing systems. Bull Earthq Eng 2020;18(8):4017-38.
Constantinou MC, Symans MD. Experimental study of seismic response of buildings
with supplemental fluid dampers. J Struct Des Tall Buildings 1993;2(2):93-132.
Ramirez OM, Constantinou MC, Whittaker AS, Kircher CA, Johnson MW,
Chrysostomou CZ. Validation of the 2000 NEHRP provisions’ equivalent lateral
force and modal analysis procedures for buildings with damping systems. Earthq
Spectra 2003;19(4):981-99.

Whittaker A, Costantinou M, Ramirez O, Johnson M, Chrysostomou C. Equivalent
lateral force and modal analysis procedures for the 2000 NEHRP provisions for
buildings with damping systems. Earthq Spectra 2003;19(4):959-80.

ASCE/SEI 41-17. Seismic evaluation and retrofit of existing buildings. American
Society of Civil Engineers — Structural Engineering Institute: Reston, VA, 2017.
Silvestri S, Gasparini G, Trombetti T. A five-step procedure for the dimensioning of
viscous dampers to be inserted in building structures. J Earthq Eng 2010;14:
417-47.

Palermo M, Silvestri S, Landi L, Gasparini G, Trombetti T. A “direct five-step
procedure” for the preliminary seismic design of buildings with added viscous
dampers. Eng Struct 2018;173:933-50.

Nuzzo I, Losanno D, Caterino N. Seismic design and retrofit of frame structures
with hysteretic dampers: a simplified displacement-based procedure. Bull Earthq
Eng 2019;17(5):2787-819.

Di Sarno L, Wu J-R. Evaluation of seismic performance of existing steel moment-
resisting frames: a case study, Proc of SECED 2019 Conference, London, 9-10
September, 2019.

Mazza F. Combination of different types of damped braces for two-level seismic
control of r.c. framed buildings. J Build Eng 2021;44(103268).

19

[23]

[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]
[33]
[34]
[35]
[36]
[371
[38]
[39]

[40]

[41]

[42]

[43]

Engineering Structures 284 (2023) 115969

Mazza F. Nonlinear seismic analysis of unsymmetric-plan structures retrofitted by
hysteretic damped braces. Bull Earthq Eng 2016;14(4):1311-31.

Mazza F. In-plan and out-of-plane nonlinear seismic response of masonry infills for
hospitals retrofitted with hysteretic damped braces. Soil Dyn and Earthq Eng 2021;
148:106803.

Sorace S, Terenzi G, Fadi F. Shaking table and numerical seismic performance
evaluation of a fluid viscous-dissipative bracing system. Earthq Spectra 2012;28
(4):1619-42.

Sorace S, Terenzi G, Licari M. Traditional and viscous dissipative steel braced top
addition strategies for a R/C building. Int J Struct Eng 2015;6(4):332-53.

Sorace S, Terenzi G, Mori C. Passive energy dissipation-based retrofit strategies for
R/C frame water towers. Eng Struct 2016;106:385-98.

Karavasilis LT, Kerawala S, Hale E. Hysteretic model for steel energy dissipation
devices and evaluation of a minimal-damage seismic design approach for steel
buildings. J Cost Steel Res 2012;70:358-67.

Teruna DR, Majid TA, Budiono B. Experimental Study of Hysteretic Steel Damper
for Energy Dissipation Capacity. Adv Civ Eng 2015;ID 631726:12 pages.
Khoshkalam M, Mortezagholi MH, Zahrai SM. Proposed modification for ADAS
damper to eliminate axial force and improve seismic performance. J Earthq Eng
2022;26(10):5130-52.

TahamaouliRoudsari M, Eslamimanesh MB, Entezari AR, Noori O, Torkaman M.
Experimental assessment of retrofitting RC moment resisting frames with ADAS
and TADAS yelding dampers. Structures 2018;14:75-87.

Technical Standards on Constructions [in Italian]. Italian Council of Public Works,
Rome, Italy, 2018.

Jacobsen LS Damping in composite structures. Proc of the 2" WCEE, Tokyo and
Kyoto, 1960; vol. II: 1029-1044.

Newmark NM, Hall WJ. Earthquake Spectra and Design. EERI, Oakland, CA:
Engineering Monographs; 1982.

Chopra AK. Elastic response spectrum; A historical note. Earthq Eng Struct Dyn
2007;36:3-12.

Priestley MJN, Calvi GM, Kowalsky MJ. Displacement Based Seismic Design of
Structures. Pavia: IUSS Press; 2007.

Martinez-Romero E. Experiences on the use of supplemental energy dissipators on
building structures. Earthq Spectra 1993;9(3):581-624.

Dargush GF, Soong TT. Behavior of metallic plate dampers in seismic passive
energy dissipation systems. Earthq Spectra 1995;11(4):545-68.

Ribakov Y, Gluck J. Optimal design of ADAS damped MDOF structures. Earthq
Spectra 1999;15(2):317-30.

Gandelli E, De Domenico D, Quaglini V. Cyclic engagement of hysteretic steel
dampers in braced buildings: a parametric investigation. Bull Earthq Eng 2021;19:
5219-51.

SAP2000NL. Theoretical and users’ manual. Release 20.01. Computers &
Structures Inc.: Berkeley, USA, 2021.

Vanmarcke EH, Fenton GA, Heredia-Zavoni E. SIMQKE-II - Conditioned
earthquake ground motion simulator: User’s manual, version 2.1. Princeton, USA:
Princeton University:; 1999.

EN 1998-4. Eurocode 8: Design of structures for earthquake resistance - Part 1:
general seismic rules. Seismic Actions and Rules for Buildings. European
Committee for Standardisation: Brussels, Belgium, 2003.


http://refhub.elsevier.com/S0141-0296(23)00383-8/h0010
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0010
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0025
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0025
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0030
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0030
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0035
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0035
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0035
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0040
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0040
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0040
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0045
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0045
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0050
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0050
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0055
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0055
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0060
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0060
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0065
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0065
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0070
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0070
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0075
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0075
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0075
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0075
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0080
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0080
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0080
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0090
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0090
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0090
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0095
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0095
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0095
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0100
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0100
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0100
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0110
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0110
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0115
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0115
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0120
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0120
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0120
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0125
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0125
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0125
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0130
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0130
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0135
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0135
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0140
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0140
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0140
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0145
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0145
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0150
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0150
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0150
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0155
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0155
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0155
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0170
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0170
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0175
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0175
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0180
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0180
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0185
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0185
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0190
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0190
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0195
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0195
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0200
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0200
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0200
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0210
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0210
http://refhub.elsevier.com/S0141-0296(23)00383-8/h0210

	Novel design procedure for steel hysteretic dampers in seismic retrofit of frame structures
	1 Introduction
	2 Objectives of the design procedure
	3 Correlation between pseudo-acceleration and displacement spectra
	4 Formulation of the design procedure
	4.1 First step: Assessment of the structure in current conditions and definition of the elastic properties of the bracing s ...
	4.2 Second step: Sizing of the dampers
	4.3 Third step: multi-objective structural verification of seismic response in retrofitted conditions

	5 Geometrical and structural characteristics of the case study building
	6 Assessment analysis in current conditions
	6.1 Analysis in the HT-CS hypothesis
	6.2 Analysis in the FT-CS hypothesis

	7 T-ADAS Dissipative bracing retrofit solutions
	7.1 Retrofit intervention in the HT hypothesis
	7.2 Retrofit intervention in the FT hypothesis

	8 Conclusions
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


