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Fluid viscous dampers (FVDs) have been widely used due to their capacity to generate dissipative forces (velocity
dependent) that are not in phase with the displacements, namely able to exhibit their maximum forces when
internal restoring forces are minimum. The possibility of increasing the damping ratio of a structure without
significantly altering the inherent stiffness is another reason for the advantaging use of FVDs. For these char-
acteristics, fluid viscous dampers are often preferred over other types of dampers. However, the lack of specific
code prescriptions and simple but sufficiently reliable design procedures for structures exhibiting a non-linear
plastic behavior is an issue not definitively faced. Deepening this issue could make the use of viscous dampers
more diffused than it is. In this frame, here, a novel design procedure for non-linear FVDs to apply to hysteretic r.
c. framed structures is proposed and discussed in terms of reliability in practical applications. The novelty of the
procedure is that the scope of limiting the structural response is searched considering the contribution of external
viscous damping, inherent viscous damping and hysteretic damping that the structure is able to exhibit.
Therefore, the dimensioning of the external viscous dampers is carried out taking into account the rate of energy
that the structure can dissipate by hysteretic damping differently from the most diffused approaches based on the
maintaining of a structural elastic behavior. To this scope, the hypothesis of a simplified dynamic structural
response is assumed to be coupled to the equivalent linearization of FVDs. The suitability of this hypothesis is
discussed by a comparison between the obtainable results and the design targets in the case of structures that do
not satisfy the assumed hypothesis. The results obtainable are analyzed in a statistical sense. Time history an-
alyses of FVDs-equipped (and non) structural non-linear models are performed under appropriate families of base
accelerograms. The design procedure is tested on benchmark models and on a case study in order to assess the
degree of success of the proposed approach in connection to the assumed target objectives.

1. Introduction dissipative forces out of phase with displacements. The consequence of

this mechanical behavior is a really contained influence on the structural

Passive energy dissipation devices, such as viscous dampers or fric-
tion dampers, have been widely used in the last decades to limit the
dynamic response of civil structures and infrastructures and to protect
them from excessive internal forces or excessive ductility demand
[1-31].

Among passive energy dissipation systems for civil structures and
infrastructures, fluid viscous dampers (FVDs) have gained great interest
thanks to the capability to dissipate, in part or totally, the energy of
earthquakes by a velocity dependent behavior that leads to generating

inherent stiffness [32]. Design and distribution of FVDs are standardized
in some current codes by simplified approaches (e.g. FEMA 356 [33]),
really not dealing with the inherent non-linearity of structures
(depending on damage). In different codes (e.g. Italian Technical Stan-
dards for Constructions [34]) the issue is not faced leaving the possi-
bility to refer to documents of recognized accuracy and reliability.
However, generally speaking, there is a strong tendency to deal with the
dissipation of energy due to structural damage considering it as an
equivalent damping inherent force or assuming that seismic energy can

This article is part of a special issue entitled: Stochastic Mechanics EMI 2023 published in Probabilistic Engineering Mechanics.
* Corresponding author. University of Palermo, Viale delle Scienze, Palermo, Italy.

E-mail address: liborio.cavaleri@unipa.it (L. Cavaleri).

https://doi.org/10.1016/j.probengmech.2026.103905

Received 17 November 2024; Received in revised form 8 December 2025; Accepted 19 February 2026

Available online 26 February 2026

0266-8920/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:liborio.cavaleri@unipa.it
www.sciencedirect.com/science/journal/02668920
https://www.elsevier.com/locate/probengmech
https://doi.org/10.1016/j.probengmech.2026.103905
https://doi.org/10.1016/j.probengmech.2026.103905
http://crossmark.crossref.org/dialog/?doi=10.1016/j.probengmech.2026.103905&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Amato and L. Cavaleri

r+3

3[}.4_2

r+2

1
L ]\

Y )

Fig. 1. — Scheme of a plane framed structure with three different damper ar-
rangements: FVD coupled with K braces (between (r-1)® and I storey, with
diagonal brace between r'™ and (r+1)% storey, and coupled with a displacement
amplification device between (r+2)th and (r+3)th storey (more details
in Ref. [55]).

be dissipated by viscous damping maintaining the structure in an elastic
stage (e.g., Refs. [35, 36]). Within the framework of the former strategy,
different approaches based on an equivalent statistical linearization, so
successful in the last three decades along with the equivalent statistical
non-linearization (eg. Refs. [37, 38]) can also be found in the literature
(eg,. Refs. [39, 40]). For both approaches, any complication due to the
non-linearity of structures is overcome. This tendency is obviously
connected with the sake of effective solutions for practical applications,
able to give rapid responses to real problems, with a sufficient degree of
approximation [25-31]. Among the different design strategies (heuris-
tic, performance cost function minimizing approach, evolutionary by
genetic algorithms), probably, the heuristic approach (the one used by
the codes that discuss the FVDs design issue, as FEMA 356) is the most
successful for practical applications. However, in the last two decades,
optimization techniques and, in general, performance based approaches
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have been the object of different studies (e.g. Refs. [41-45]) revealing
the effectiveness of these approaches, but also the need for further in-
sights in connection with the choice of the function cost to be mini-
mized. A similar remark holds for the approaches based on genetic
algorithms (e.g. Refs. [46, 47, 48]).

The use of FVDs is not so diffused as it could be. This is due to the lack
of extended code addresses and simple design procedures in the pres-
ence of structural non-linearities as well (this issue does not regard only
FVDs). Further, the methods available in the literature are often not
univocal and maintain a level of complexity that makes them not so open
for practical applications.

Both for new constructions and for the enhancement/retrofitting of
existing buildings, FVDs design requests the determination of optimal
locations and corresponding capacities [49]. Then, the check of the
effectiveness of capacities and locations can be done by high computa-
tional effort analyses because of the high non-linearity that often char-
acterizes FVDs [50].

For new structures, FVDs’ job is to prevent hysteretic dissipation and
to make the system not exhibit plastic deformation, but in case of
enhancement/retrofitting of structures often designed for vertical loads
only, a damper system, designed trying to maintain low the costs, could
be not sufficient to keep structural elements in the elastic range, there-
fore structural response under earthquake excitation has to be contained
focusing on both reduction of ductility demand and increasing of viscous
damping provided by the added dampers without renouncing to the
inelastic energy dissipation capacity [50].

As regards the design approaches, some of them are specifically
devoted to new structures (Palermo et al. [51] proposed a “five-step
procedure” based on the identification of a target seismic performance
such as, for example, a target damping ratio) while some others are
devoted to existing structures (Marra et al. [52] proposed an approach
based on energy dissipation demand, but specifically targeted for
existing buildings).

In the case of structures to be built, it is necessary to design structure
and dampers together. This issue is clear for example in Moradpour et al.
[53] which proposed an optimal direct displacement-based design
(DDBD) procedure for designing steel moment resisting frames equipped
with non-linear fluid viscous dampers (FVDs). To solve the optimization
problem, a genetic algorithm is used. The results showed a considerable
reduction of the total damping coefficient needed and, hence, of the
maximum dampers force.

The design approach proposed in this paper is heuristic and devoted
to existing framed structures for which seismic capacity is associated to a
combination of energy dissipation by inherent damping, additional
damping provided by fluid viscous dampers and hysteretic behavior of
structural members.

The novelty of the procedure is that the structural response is just
limited considering the contribution of external viscous damping
(possible by FVDs), inherent viscous damping and hysteretic damping
that the structure can exhibit. Therefore, the dimensioning of the
external viscous dampers is carried out taking into account the rate of
energy that the structure can dissipate by hysteresis differently from the
most diffused approaches based on the maintaining of the structural
elastic behavior. This strategy reveals to be basic for existing structures
to limit the costs of interventions (often due to the need of a high number
of dissipation devices) simply by using the hysteretic structural capacity
as effective for the scope to limit the seismic response and considering
external viscous damping as complementary to that. In doing this, it is
not renounced to the advantages of the linear analysis approaches.

Some simplifications, whose reliability and suitability are checked at
the end of the design, are introduced. In details: i) an equivalent linear
model of the structure is considered, whose equivalence is in terms of
initial stiffness and displacement demand, ii) the dynamic response is
assumed as governed by the first mode, iii) the damping due to the
dampers is considered through an additional equivalent linear damping
ratio (some other specifications are discussed through the paper).
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Fig. 2. — Scheme of a plane framed structure with displacement and velocity
distribution.
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However, the concept of structural hysteretic dissipation is strong from
the beginning of the proposed procedure: the additional damping ratio is
fixed depending on a comparison between the actual ductility capacity
of the structure (predicted by a pushover analysis) and the ductility
demand obtained using the response spectra (of accelerations and dis-
placements) in agreement to the method N2 [54]. Once the additional
linear damping ratio is defined, the non-linear engineered parameters
are obtained for the damper commissioning as detailed hereinafter.

2. Models assumed for fluid viscous dampers’ forces

The functioning of a fluid viscous damper is influenced by many
factors. However, it is generally a cylinder-piston system exhibiting
forces depending on the relative velocity between the ends of cylinder
and piston. In brief, this force can be expressed as a function of a con-
stant and the power of the relative piston-cylinder velocity. For the i-th
interstorey location (Fig. 1) the damper force f; is expressed as:

f,‘ :Ci . ‘ll(ul — l:l,',l)‘a . Sgn(ll,- — l‘li,l) = Cil;l |(ul — l:l,',l)‘a . Sgn(lli — l,‘li,l)

(€Y

In Eq. (1), (u; —u;—1) is the interstorey velocity, C; and a are constants
depending on the constructive characteristics (fluid and piston proper-
ties) of the damper and having the role explained hereinafter, finally,
sgn( -) is the “signum” function and [; is a transformation factor, useful
for transforming the interstorey velocity in the relative velocity between
the ends of cylinder and piston (I; = 1 in the case of K support braces and
I; = cos 6 in the case of diagonal support brace having slope 6). For civil
applications, it is frequent to find a assuming values in the range 0.15-
0.5.

The model (1) is not considered the most advanced (more advanced
models are based on the use of fractional derivatives— e.g. Ref. [56]).
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However, it is very appropriate in practical applications, because of its
simplicity for design and supporting analyses.

The n-degrees-of-freedom govern equation of a plane shear type
system with fluid viscous dampers can be given by

Mii+ Cu+ R(u, a) + F(u, ) = Mri, &)

where R is the vector containing the forces transferred by the dampers to
each storey because of the forces exhibited in the fluid viscous dampers.
In an approximated approach, assuming that the damping force of the i-
th floor (shear type scheme - Fig. 2) depends only on the velocities at the
(1-1)-th, i-th and (i+1)-th storeys, and considering Eq. (1), each
component of the vector R is

Ri= Cilﬂui — Ui |{15gn(lii - l.li71) + Ci+ll§'l+1 |11i+1 - ﬂi\asgn(uiﬂ - lli) 3)

In Eq. (2), F is the vector containing the restoring hysteretic forces,
while C is the matrix of the inherent damping and 7 is the n-dimensional
influence vector in which each component is 1 for plane systems.

If the parameter a is equal to 1, the vector R can be simply expressed
as

U
Uz

T| . )

Un

that assumes a basic significance in the dampers design procedure.

In Eq. (4) T is an nxn transformation diagonal matrix whose i-th term
is the transformation factor I. Also, Cq, Co, ... C, are the constant co-
efficients characterizing the fluid viscous dampers at each storey in
agreement to Eq. (1).

In order to highlight the physical meaning of the parameters C; and «
appearing in Eq. (1), in Fig. 3 the force-displacement curves of a fluid

viscous damper varying the parameter C;

C,,IOO 200 400 kN sec
L A cm )

interested by a sinusoidal history of displacements and characterized by
a = 1 are shown. Further, the cycles described reducing the value of a
from 1 to 0.15, and contemporarily increasing the parameter C; in such a
way to maintain constant the maximum dissipative force, are shown.

From these curves, it is clear that the role of the parameter C is to
increase the maximum dissipative force and of obtain a higher dissipated
energy. Further, the parameter « modifies the shape of the cycle: for
smaller values of « the cycle is closer to a rectangle, instead, in the case
of linear behavior (o« = 1) the shape of the curve is an ellipse. As soon as
the cycle approximates a rectangle, a higher level of the dissipative
forces can be obtained just for low levels of the velocities.

As the parameter « tends to zero, the limit condition is characterized
by the same value of dissipative force at each velocity (rectangular force-
displacement cycle). Therefore, the reduction of the parameters « makes
the fluid viscous damper exhibit a behavior close to that of a friction
damper.

It is worth underlining that, when the maximum dissipative force is
fixed, a reduction in the value of a requests an increase of the value of C.

3. Estimation of the additional damping for a system having
ductility capacity lower than ductility demand

In agreement with N2 method [54], in a high number of cases, multi
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Fig. 3. Force displacement curves of dampers with different characteristics: a) « = 1, C = variable; b) C = variable, a = variable.

degrees of freedom (MDOF) systems can be transformed into single
degree of freedom (SDOF) systems with elastic perfect plastic behavior.
In these cases a safety check in terms of ductility can be done. In doing
this, the equation of motion of the equivalent SDOF system is

MDOF - base shear (V) vs control point displacement (D)

N

SDOF - Force (V/I') vs control point displacement (D/T')

force

displacement

Fig. 4. -Bilinear F-3 curve of the equivalent SDOF system.

T<Tec \T>Te

bilinear system capacity curve
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ment demand (due to a
) displacemen city

al damping

K

(mass normalized system restoring force)

Spectral acceleration

(a)

displacement demand (£=5%)

mé +m2¢wé + F(5,8) = — md, (5)
where m is the equivalent mass, 5,5,8 are acceleration, velocity and
displacement of the equivalent SDOF equivalent, F is the restoring force,
¢ and ® are damping ratio and frequency of the unforced and undamped
free oscillations. It is proved that the following relations hold

T
m= ¢ Mr; 5:D/F; r= ‘I’;MT ; F:V/F
¢ Mg,

Being M the mass matrix, D the displacement of a control point
(usually at roof level) and I' the participation factor of the main eigen-
vector along the direction of the seismic loading (that is ¢;).

The representation of a monotonic bilinear equivalent form of the F-§
curve is shown in Fig. 4.

From Fig. 4 it is possible to derive the available ductility of the
system [i,, that has to be compared with the ductility demand u4. The
expressions are

©

5ud
s = 7
5, Ha 5 )

_ éua
Ho=—+
From the comparison of the expressions of y, and y,, it emerges that
what is decisive in the ductility check is the comparison between the
capacity in terms of ultimate displacement (8,,) and the corresponding

bilinear system capacity curve

elastic spectrum (£=5%)

/  elastic spectrum (due to additional damping)

itional damping)

(b)

Spectral displacement
(system displacement)

Spectral displacement
(system displacement)

Fig. 5. Graphical estimation of the additional damping approach: a) T*>Tc, b) T*<Tc.
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Fig. 6. — Elastic spectrum accelerations for different values of damping ratio.

demand (8yq).

The strength F; of the equivalent bilinear SDOF system, compared to
the strength required for an elastic linear system (in agreement to the
pseudo-acceleration response spectrum), provides the strength reduc-
tion factor R, that is

mSe(T")

Ri="—%

i
=3, (8)
where &, is the displacement demand for the elastic linear system having
the same stiffness of the bilinear SDOF one in its linear branch. Now, the
correlations between the displacement demands for an elastic linear
system and an elastic perfect plastic system characterized by a strength
reduction factor R,, in the two period domains 0 < T* < Tgand T" > Tg,
are expressed by

Sud )T

S=5, (1)~

¢ e(ée TC
5ud

5, =8 O R, =5

e

T
or R,= <6ﬂ71> —+1;

0<T <T 9-
5 Te < I <lI¢ (9-a)

T > Te. (9-b)

where T* is the natural period consistent with the linear branch of the
equivalent bilinear SDOF system, while T¢ is the period between the
constant acceleration plateau and the constant velocity branch of the
response spectrum.

The correlations between the displacement demands in Egs (9) have
a statistical meaning, that is, Eqs (9) are valid in average based on a high
number of analyses [54]. Surely, the statistical equivalence between the
linear SDOF system and the elastic perfect plastic non-linear one used
hereinafter is not as strong as in other studies specifically addressed to
the statistical equivalence between non-linear and linear behaviour [e.
g., 39 and 40]. However, it may have the advantage of encountering a
large use in connection with the wide diffusion of the N2 method in
different standard codes [e.g. 34].

Egs 9-a and 9-b allow to predict the displacement demand 5,4 once
the strength reduction factor is known. Considering Eq. (8), the depen-
dence of S,(T") on the damping ratio ¢ and substituting ‘;—:’ with the

available ductility 55—, Egs.9 can be rewritten as
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TYlSe (T*7 éeff ) 5ua T o

— == — =1 =+1; <T <T, 10-
- ((z )Tﬁ’ 0<T <T (10-a)

nlSe T*7 [4 ua i

MZ‘Z_; T >T, (10-b)

in which the damping ratio ., corresponding to a ductility demand
fixed equal to the ductility capacity, appears as unknown: therefore,
solving Egs (10) with respect to the unknown &, means to determine the
best additional damping &, for the structural retrofitting, being

Ep=C1+¢& an

where ¢ is the inherent damping ratio of the structure in the state before
the enhancement.

Fig. 5, in which the response spectrum in the acceleration-
displacement plane is represented, helps to understand the core of the
additional damping estimation approach.

4. Design strategy for external linear FVDs based on the
additional damping system request

In this section the procedure proposed to design the FVDs for an
existing hysteretic structure is discussed. The characteristics of the FVDs
for improving the structural seismic behaviour are defined referring to
the elastic response spectrum and the linear SDOF system associated
with the actual structure in the linear state, and the correlation between
the behaviour of the linear elastic SDOF system before mentioned and
elastic-plastic SDOF system, equivalent to the structure to be improved,
characterized by the strength reduction factor R,. Starting from the
additional damping ratio necessary to obtain the correspondence be-
tween displacement demand and displacement capacity (see previous
section) the characteristics of the linear FVDs can then analytically
derived. In doing this, the strength F; of the equivalent bilinear system,
necessary to solve Eqs (10) can be estimated by a preliminary pushover
analysis, in agreement to the N2 method before mentioned.

The additional damping ratio &; to be introduced by FVDs is
obtainable by Eq. (11) once Egs.(10) are solved considering that the
inherent damping ratio £ generally attributed to framed structures is in
the range 0.03-0.05. The next step is the correlation of the additional
damping needed with an appropriate number and distribution of FVDs.
In this stage, it is worth highlighting that it is not reasonable to increase
the overall damping ratio over 30% because, after this value, the
improvement of the structural behavior strongly reduces not justifying
the major cost for the FVDs. This circumstance is visible in Fig. 6 in
which it is possible to observe that an increase in the global damping
ratio from 5% to 30% causes a force reduction higher than an increase
from 30% to 60%, especially in the range of periods higher than T..

In order to provide a first estimation of parameters needed to size
FVDs in existing structures, it is possible to perform simplified analyses.
It is hypothesized that the structure has a plane shear type behaviour, as
shown in Fig. 2.

If on one hand, by the constructive point of view, FVDs are charac-
terized by the model (1) with the parameter a generally not higher than
0.5, on the other hand, in this stage of the design, in order to reduce the
computational effort, it is supposed to introduce linear equivalent FVDs,
namely characterized by a = 1. It is assumed a uniform distribution of
FVDs in elevation of the structure and the coincidence of the FVDs’
velocity and the interstorey velocity (possible in the case of FVDs on K
braces - ref. Fig. 1).

Under this hypothesis, Eq. (2), can be rewritten as:

Mui(t) + CSu(t) + CPu(t) + Ku(t) = —Mti,(t) 12)

where C is the structural inherent damping matrix and C is the
damping matrix associated to the FVDs.
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If it is assumed that the dissipation capacity is constant at each storey
and that it is defined by the scalar parameter C, the matrix Cc® | under
the assumption of shear type behaviour, becomes (the first line refers to
the lowest storey):

Concrete:
fec -Mander (backbone) model
~" _Takeda hysteresis model for cyclic
behaviour
fy =
fe:=20 MPa  &,=0.0013
f,=10.4 MPa  &.,=0.005
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2 -1 0 . 0
-1 2 -1 0 0
0 -1 2 -1 0 . 0
c=c.Pp=C| .. . . . . . . (13)
0 0 -1 2 -1 0
0 0 -1 2 -1
0 0 -1 1

If it is assumed that the structural response is governed by the first
eigenvector, that is

u(t) =y (0); a(t) =y, (1) a4

in which ¢, is the eigenvector, associated to the lowest circular fre-
quency w1, and y; (t) is the modal coordinate of the first vibration mode,
then Eq. (12) can be rewritten as:

Vi () + (2801 +2£901)y; (1) + 0}y1 (1) = g1, (£) (15)
in which
T T T (S)
&= 7w; f = w; 2w, = M (16)
1M '1)1 1M '1)1 1 M ¢1
and
$1C” ¢,
2 = 17
Eq01 oM o, a7)
Comparing Eq. (13) and Eq. (17) leads to
&P ¢,
2 =C——= 18
Eqw1 ‘be Y (18)
Then, from Eq. (18), it simply derives the following Eq. (19):
oM ¢,
C=2 —_— 19
Eqw1 TP o 19)

The parameter C obtained from Eq. (19), is representative of the
dissipation provided by all the FVDs at one storey in one direction. If s
dampers per storey are installed, each of them will be characterized by a
dissipation constant C;

Ci=— (20)

Although not consistent with the initial assumption, an attempt of a
different distribution (for example in the case of tall structures where the
relative velocity at each storey can be very different along the eight) can
be tried after the assessment of the overall dissipation parameter C*, that
is

C =nC, (21)

where C, as mentioned before, is the dissipation constant associated to
the i-th storey and n is the number of storeys, and redistributing the

Steel:

-Kinematic hysteresis
model for cyclic
behaviour

&gy Esu

£,=0.0021 f,,=450 MPa
£s,=0.675  fy,=530 MPa

Fig. 10. — Mechanical cyclic behaviour of concrete and steel used for the cross-sections.
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Fig. 11. - Bilinear structural responses (mass normalized) and acceleration-
displacement response spectra (PGA = 0.41g) before ({ = 5%) and after the
introduction of fluid viscous dampers — nominal capacity-demand ratio in the
original state 0.7.

overall dissipating capacity in agreement to a different criterium. It can
be simply proved that a distribution proportional to the storey shear is
obtained by using the distribution coefficient
mi
8=t (22)
m;
L
i=1

Eq. (22) can be further simplified if it is assumed the simplified linear
distribution of the components of the first eigenvector, that is

¢ =ch; (23)

where h; is the distance of the i-th storey from the ground while c is a
constant coefficient. Substituting Eq. (23) in Eq. (22) leads to
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Fig. 12. — Bilinear structural responses (mass normalized) and acceleration-
displacement response spectra (PGA = 0.46g) before ({ = 5%) and after the
introduction of fluid viscous dampers — nominal capacity-demand ratio in the
original state 0.5.

S = (24)

=
|3

Il
-

Then considering Eq. (24) and Eq. (21) the damper constant G;
associated to the i-th storey becomes

m

. Ty
n

G=cC (25)

Hereinafter, each time a distribution of dampers consistent with the
distribution of shear in elevation will be referred to, the simplified Eq.
(25) will be used.

Eq. (19) is equivalent to the simplified formula proposed by FEMA
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Table 1
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— Values of the additional damping {4 and the corresponding FVDs’ parameters, and the participation mass associated to the modal shape used for the design.

PGA [g] Ca [%] s §1015
e o] Cae [k ;)
0,41 0,46 0,41 0,46 0,41 0,46
4 Storeys 13 27 384 828 70 149
8 Storeys 6 14 317 740 39 91
4 Storeys — 3D 18 27 840 1261 137 206
PGA [g] 5 5015 Participating Mass
G -] o |-G,
0,41 0,46 0,41 0,46
4 Storeys Bottom/Top Storey Bottom/Top Storey Bottom/Top Storey Bottom/Top Storey
738 184 1590 397 134 33 286 71 84%
8 Storeys 939 114 2192 266 115 14 2693 33 78%
4 Storeys — 3D 1614 403 2421 605 263 65 395 99 79%
14 14
50 accelerograms =— Mean —— Target spectrum 50 accelerograms =—— Mean =—— Target spectrum
12 12
10 PGA=0.41¢g 10 PGA=0.46 g
T T,=0.18s T,=0.215s
T 8 T=0.555 8 T=0.64s
—_ A T,=3.22
E ; T,=2.9s & o s
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Fig. 13. - Comparison between target spectra and spectra of the accelerograms used for the dynamic analyses (Target spectra parameters in figure; Tp: period at the
beginning of the response spectrum plateau, Tp: period between the constant velocity branch and the constant displacement branch).

356 [33]. However, here, differently from there, &; has the stronger
meaning of supplemental damping ratio for a system under a seismic
action characterized by a specific response spectrum, and able to exhibit
a non-linear behavior due to the plasticization of its members.

5. Design strategy for non-linear FVDs

A rapid assessment of the i-th dissipation constant C; characterizing
the i-th FVD is possible only in the case of linear damper behaviour.
However a higher effectiveness of the fluid viscous dampers depends on
the possibility to be activated for low velocities. This is possible if an
almost rectangular force-displacement cycle (a < 0.3) is obtained. Once
obtained the constant (Cj) associated to a linear dissipation, there are
different methods to pass from the latter to a constant (Cy)) suitable for a
non-linear behaviour. The most successful is based on the equivalence of
the dissipated energies over a displacement cycle.

In this case, the correlation between the coefficients C; and C,y is
obtained as [57,58].

Crr (W)

Cu=
! 2

(26)

where |x|.. is the maximum absolute value of the damper velocity
while 4 is equal to:

22+eT2(] 44
4_[”(2&@2)} @7

where I' is the gamma function. Eq. (26) is based on the assumption that
the maximum velocity exhibited by a linear damper is equal to the

maximum velocity exhibited by a non-linear damper. However, in
general, it is a not true condition that may lead to an ineffective distri-
bution of the non-linear dampers.

The value of the coefficient 1 assumes values greater than 1. It is
tabulated in Code FEMA 273 and 274 as a function of a. When the co-
efficient a approaches zero, that means that the damper force-
displacement cycle approaches a rectangle, then the value of A ap-
proaches to 4/z. The maximum variation of A from a = 0 to @ = 0.3 is of
8%. Therefore, it is reasonable to use a constant value of A in the range of
o mentioned above that can be just 4/x. In this case, Eq. (26) becomes
simply

_ Cl'lxmax|(lia)

Cu 4/x

(28)

A simplified approach in the estimation of |Xmax| is possible if it is
assumed a linear distribution of the storeys' velocities. This assumption
leads to a uniform distribution of the dampers’ velocities, that is

. (1-a)

Cl'(|unmax|/n)
Ch— . 29

nl 4 /]‘[ ( )
where u,; max is the maximum velocity at the top storey. Considering the
equivalence between elastic and elastic plastic SDOF system, it can be
estimated from the velocity spectrum, that is
1Se(T") .«

|un,max| :P1Sv(Tﬁ) = T

2 G0

where T* is the period of the elastic plastic equivalent SDOF system, in
its elastic stage, obtained in agreement to the N2 method, and g;, as



A. Amato and L. Cavaleri

Probabilistic Engineering Mechanics 83 (2026) 103905

Table 2
— Mean and standard deviation of the capacity-demand ratios obtained from 50 dynamic analyses.
Capacity/Demand
mean standard deviation

4 Storeys Inherent Damping (5%) C/D = 0.7 from N2 0,625 C/D = 0.5 from N2 0,485 C/D = 0.7 from N2 0,071 C/D = 0.5 from N2 0,059
Additional Inherent Damping method 1338 method 1585 method 0,182 method 0,180
(13% and 27%)
linear FVDs — uniform 1288 1,52 0,237 0,267
distribution
nonlinear FVDs — uniform 1700 3030 0,384 0,641
distribution
linear FVDs — storey shear 1344 1585 0,191 0,179
distribution
nonlinear linear FVDs — storey 1814 3459 0,380 0,697
shear distribution

8 Storeys Inherent Damping (5%) C/D = 0.7 from N2 0,742 C/D = 0.5 from N2 0,461 C/D = 0.7 from N2 0,330 C/D = 0.5 from N2 0,156
Additional Inherent Damping method 1085 method 0,891 method 0,368  method 0,359
(6% and 15%)
linear FVDs — uniform 0,976 0,696 0,374 0,336
distribution
nonlinear FVDs — uniform 1082 0,700 0,395 0,398
distribution
linear FVDs — storey shear 1139 1103 0,303 0,240
distribution
nonlinear linear FVDs - storey 1300 1290 0,209 0,202
shear distribution

4 Storeys — Inherent Damping (5%) C/D=0.7 fromN2 0,812 C/D=0.5fromN2 0,656 C/D=0.7fromN2 0,103 C/D=0.5fromN2 0,098

3D Additional Inherent Damping method 1348 method 1299 method 0,246  method 0,226

(18% and 27%)
linear FVDs — uniform 1297 1239 0,240 0,216
distribution
nonlinear FVDs — uniform 1427 1429 0,332 0,336
distribution
linear FVDs - storey shear 1350 1300 0,255 0,239
distribution
nonlinear linear FVDs — storey 1511 1549 0,353 0,376

shear distribution

mentioned before, is the participation factor associated to mode shape
that has allowed the definition of the SDOF equivalent system.

6. Reliability of the proposed design strategy

In this section, the reliability of the proposed FVDs’ design strategy is
proposed in a probabilistic sense. Three different benchmark structures
are considered, two of them having a plane behavior (Fig. 7), that is
coherent with the assumptions at the base of the design strategy in
question, and one characterized by an irregular-in plan behaviour
(Fig. 8), that is far from the before mentioned assumptions. The test on
these three benchmark structures is considered basic to prove the reli-
ability of the proposed strategy just for the numerous simplified as-
sumptions. In different cases, the characteristics encountered in the
practical applications may differ from those used to define the approach
discussed. Therefore, an observation of the results from different classes
of structures, not necessarily complying with the assumptions, has the
scope to be aware of the applicability of the proposed procedure. Here,
the classes of low-rise plane structures (having the closest characteristics
to the assumptions), mid-rise plane structures (in which the first mode
shape does not comply with Eq. (24)) and in-plan irregular structures
(the plane behavior is one of the basic assumptions) have been
investigated.

The plane four storeys structure is representative of low-rise build-
ings regular in plane and in elevation, while the plane eight storeys
structure is representative of mid-rise buildings regular in plane and in
elevation as well. The plane behaviour is the assumption on which the
proposed strategy is based, therefore in the third benchmark structure
this assumption has been removed by inserting non-symmetrical infills
that produce a strong in-plane irregularity.

For each structural model two levels of the nominal capacity-demand
ratio (C/D) in terms of top displacements have been considered, 0.7 and

10

0.5. The pushover analysis for each of the benchmark structures have
been preliminary performed and the bilinear base shear-top displace-
ment has been obtained (Fig. 9). To do this, cross-sections as shown in
Figs. 7 and 8 have been assumed and modeled as fiber cross-sections,
with the characteristics of the materials shown in Fig. 10. Infills have
been modeled as equivalent pin-jointed diagonal struts with a linear
indefinitely elastic material consistent with the characteristics of ma-
terials used for infills. The bilinear equivalent shear-displacement curves
have been chosen so to assign as a limit state the achievement of the
maximum stress f.. in the reinforced concrete cross-sections in agree-
ment with Fig. 10 (however, the branch until the deformation capacity
€ccu Was necessary to perform the dynamic analyses).

The nominal ratios 0.7 and 0.5 between capacity and demand have
been obtained once the response spectrum has been assigned accord-
ingly. To limit the number of spectra to be managed, only two were
chosen in such a way that the ratio capacity-demand stayed around 0.5
in one case and around 0.7 in the second case (for this reason, these
ratios were defined “nominal”). It was verified, after the bilinear curves
were derived, that a response spectrum with PGA of 0.41g and a
response spectrum with PGA of 0.46g were appropriate, respectively, to
have a nominal ratio capacity-demand of 0.7 and 0.5 for the three
benchmark models analyzed.

In both cases, the target spectra derive from the Italian standards
[34] but the procedure is not affected by this choice. In Figs. 11 and 12
the acceleration-displacement response spectra used to obtain the
capacity-demand ratios before mentioned are inserted and the
force-displacement bilinear curves for each benchmark structure are
jointly introduced.

In Figs. 11 and 12, for comparison, the bilinear structural responses
obtained after pushover analysis and stopped at the assigned ultimate
limit state are mass normalized as the response spectra. All the responses
are characterized by a fundamental period T in the elastic stage higher
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Fig. 14. - Capacity-demand ratio probability density distributions before and
after the introduction of the additional damping (ID-{ = 5%: original structure
with inherent damping 5%; ID-{ = 23%: structure with inherent damping 23%;
ALD-Cost: linear dampers uniformly distributed in elevation; ANLD-Cost: non-
linear dampers uniformly distributed in elevation; ALD-Prop: linear dampers
distributed according to the storey shear; ANLD-Prop: non-linear dampers
distributed according to the storey shear).

than Tc¢, namely the response elastic branch encounters the response
spectrum in its third branch.

To this point, 50 accelerograms have been generated compatible
with the spectra assigned for the dynamic analyses to be performed
before and after the introduction of the fluid viscous dampers. Different
strategies are available in the literature for the generation of spectrum
compatible accelerograms (eg., Ref. [59]). In this case, natural accel-
eration time series were made spectrum compatible by using the Time
Domain Method first introduced in Ref. [60] and implemented in
different software.

In comparison, the uniform damping distribution, the concentrated
damper distribution uniform in elevation and the concentrated damper
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Fig. 15. — Capacity-demand ratio cumulative probability distributions before
and after the introduction of the additional damping (legend in caption
of Fig. 14).

distribution consistent with the distribution of the storey shear have
been considered. The cases of use of linear and non-linear dampers have
been discussed.

Table 1 provides the values of the additional damping {q obtained by
Egs. (10) and (11) (graphically obtained in Figs. 11 and 12 as well), of
the storey dissipation parameters C obtained by Eq. (19), the values C;
and C, assigned to the first storey and the top storey in the case of dis-
tribution according with the storey shear distribution (Eq. (25)), and
finally the corresponding values Cy ;) and C,, 5 obtained by Eq. (29) in
the case of non-linear dampers (the effective value a = 0.15 of the
exponent in Eq. (29) has been fixed in this study). In Table 1, the
participation mass associated to the modal shape used for the estimation
of the damper parameters has been also inserted.

The assessment of the effectiveness of the proposed simplified pro-
cedure was done in a probabilistic sense by observing and processing the
results of dynamic analyses from, as before mentioned, 50 accelero-
grams. As regards the choice of the accelerograms, a selection was done
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Fig. 16. — Capacity-demand ratios cumulative probability distribution (with 95
% confidence intervals) before and after the introduction of non-linearly non-
uniformly distributed dampers (legend in caption of Fig. 14).

in such a way the corresponding response spectra provided meanly the
PGA associated to each of the two target spectra.

In Fig. 13 a comparison between the target spectra and the spectra
from the accelerograms used for the dynamic analyses is proposed.

From each analysis capacity and demand have been extracted with
and without additional damping and the probabilistic distributions of
the capacity-demand ratios have been calculated and compared.

The additional damping was first considered as inherent damping,
then as linear dampers at each storey and finally as non-linear dampers
at each storey. In the latter two cases, two different distributions were
considered, uniform in elevation and consistent with the storey shear.

For the probabilistic distribution of capacity-demand ratios a
lognormal distribution has been assumed. In Table 2, mean and standard
deviation of the capacity-demand ratios are inserted for comparison.

In Fig. 14, the capacity-demand distributions obtained in the case of
a nominal capacity-demand ratio equal to 0.7 before the intervention
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Fig. 17. — Comparison between the distribution of the maximum velocities
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dampers — C/D = 0.7 - (legend: ALD-Cost: linear dampers uniformly distributed
in elevation; ANLD-Cost: non-linear dampers uniformly distributed
in elevation).

are inserted.

What immediately emerges from Fig. 14 is that the most frequent
value of capacity-demand ratio obtained from the analyses for the
original state structure is higher than the one obtainable by the pushover
analysis. It was expected since pushover analysis provides a range for the
capacity-demand ratio and, in this study, the lower bound has been
considered. Also, non-linear dampers are much more effective than
linear dampers, especially if distributed according to the storey shear.
This is much more evident in the case of mid-rise structures, where the
uniform distribution in elevation, in both linear and non-linear cases,
does not cause an appropriate increase in the capacity, leaving
approximately a probability of 50% of collapse. This circumstance is
much clearer by the observation of the cumulative density functions in
Fig. 15.
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Fig. 18. — Capacity-demand ratio probability density function before and after
the introduction of the additional damping (legend in caption of Fig. 14).

In fact, only a not uniform distribution of non-linear dampers is able
to guarantee always a probability of occurrence lower than 5% for a
ratio capacity/demand <1. This is immediately clear by observing the
overlapping of the cumulative probability functions and the grey area of
the plane non-exceedance probability vs capacity-demand ratio. It is
worth observing that there is a difference between the probability dis-
tribution of the capacity demand ratios in the case of additional damping
attributed as inherent damping to the structure and additional damping
attributed as concentrated damping by fluid viscous dampers. This is
remarked only to remember that, in the design stage, the additional
damping is assumed as inherent distributed damping differently from
what done after, that is the introduction of a concentrated damping at
each storey.

For the case of low-rise structures, regular or not regular in plan,
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Fig. 19. - Capacity-demand ratio probability density distributions before and
after the introduction of the additional damping (legend in caption of Fig. 14).

uniform distributions of the dampers, in linear or non-linear conditions,
seem appropriate as the non-uniform distributions of non-linear
dampers.

A comparison of the cumulative probability function of the structure
capacity-demand ratio in the original state and after the introduction of
the non-linear damper with non-uniform distribution in elevation is
shown in Fig. 16 where the 95% confidence intervals are included as
well.

The slope of the cumulative probability functions in the three cases
reveals a higher scatter of the capacity-demand ratio of the structures
provided with additional damping capacity with respect to the structure
in the original state in the case of low-rise structures but not in the case
of mid-rise structures. A more precise observation of the results reveals
that this difference is not due to a different standard deviation of the
results after the additional damping capacity is introduced but it is the
consequence of a higher scatter of the results of the capacity-demand
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Fig. 20. - Capacity-demand ratios cumulative probability distribution (with 95
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uniformly distributed dampers (legend in caption of Fig. 14).

ratio in the case of mid-rise structures in the original state. It means that
in general the introduction of additional damping capacity reduces and,
in a certain sense, aligns the scatter of the responses. As a last issue, it has
to be underlined that the reliability of Eq. (29) is decisive for the results.
Observe that Eq. (29), as the equations from which it is derived, assumes
that the maximum velocity in the dampers is equal in the linear and in
the non-linear case. However, this circumstance is not necessarily
respected. The equation in question provides a Cy) higher in general than
the one necessary because the higher efficiency of the non-linear
dampers reduces the maximum displacements and velocities.

This is immediately clear from Fig. 17, where a comparison between
the distribution of the maximum velocity !Ll,,,max| appearing in Eq. (29),
as derived from the analyses on the structures with linear dampers and
from the analyses on the structures with non-linear dampers, is shown.

The analyses have been repeated for an initial nominal capacity-

14
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demand ratio equal to 0.5 providing results not different from those
obtained in the case of a capacity-demand ratio equal to 0.7.

The results in Figs. 18-20 confirm.

What emerges from Figs-18-20 is that, in the case of low-rise plane
structures, the procedure seems too much conservative with respect to
the objective of the design. However, it is the consequence of the esti-
mation of the maximum velocities by the response spectrum (Eq. (30)),
that resulted conservative in each case.

7. Case study

In the previous section, ideal structures under loads and having
characteristics of the cross-sections of reinforced concrete members
merely assumed have been analyzed with the scope to understand the
influence on the proposed procedure that is based on a simplified and
specific structural behaviour. In this section, the proposed FVD design
strategy is applied to a case study, to provide its reliability in the case of
real structures. It is a 3-dimensional structure with a plane behaviour but
is able to exhibit a torsional response. The test is considered basic just to
check if characteristics that frequently can be found in practical appli-
cations may change the results expected by a procedure characterized by
simplifications that neglect those characteristics.

The building in object belong to the Cannizzaro hospital complex
located in Catania (Sicily). It is intended to outpatient activity. It is a
low-rise building symmetric in plane and regular in elevation. The
characteristics of the reinforced concrete structure (geometry) are
included in (Fig. 21).

An experimental campaign on the materials (concrete and steel of
rebars) revealed that the shape of the constitutive laws are consistent
with those reported in Fig. 10 but with the level of the mechanical pa-
rameters inserted in Table 3.

The pushover analyses have been preliminary performed and the
bilinear base shear-top displacement has been obtained (Fig. 22). To do
this, cross-sections (Fig. 21) have been assumed as specified in the
original project and modeled as fiber cross-sections.

The nominal capacity-demand ratio (C/D) in terms of displacements
has been obtained once the response spectrum has been assigned, ac-
cording to the site parameters and building characteristics. It was ob-
tained C/D = 0.56.

The target spectrum derives from the Italian standards [34] but the
procedure is not affected by this choice. In Fig. 23 the
acceleration-displacement response spectrum used to obtain the
capacity-demand ratio before mentioned is inserted and the
force-displacement bilinear curve for the structure is jointly introduced.

In Fig. 23, for comparison, the bilinear structural response obtained
after pushover analyses and stopped at the assigned ultimate limit state
(corresponding to the achieving of the reinforced concrete strength f..)
is mass normalized as the response spectrum. The response is charac-
terized by a fundamental period T in the elastic stage higher than T,
namely the response elastic branch encounters the response spectrum in
its third branch.

Dynamic analyses have been performed before and after the intro-
duction of the fluid viscous dampers using 50 accelerograms (in Fig. 24
the response spectra compared with a target spectrum can be found). In
the comparisons an increased inherent damping, a concentrated damper
distribution uniform in elevation and a concentrated damper distribu-
tion consistent with the distribution of the storey shear have been
considered. The cases of use of linear and non-linear dampers have been
discussed.

The following Table 4 provides the values of the additional damping
Cq obtained by Egs. (10) and (11) (graphically obtained in Fig. 23 as
well), of the storey dissipation parameters C obtained by Eq. (19), the
values C; and C, assigned to the bottom storey and the top storey in the
case of distribution according with the storey shear distribution (Eq.
(25)), and finally the corresponding values C; 1 and C,, 5 obtained by
Eq. (29) in the case of non-linear dampers (the effective value o = 0.15 of



A. Amato and L. Cavaleri

Probabilistic Engineering Mechanics 83 (2026) 103905

E
Q cross-section
™~ 5414
* cross-section | a=0.4?1m
2° storey ! 4
column 12 b=0.7m
cross-section <] ._
1° starey 1=0.4 m

a=0.6 m

b=0.4 m

Fig. 21. - Structure of one of the buildings of the Cannizzaro hospital complex in Catania (Sicily).

Table 3
— Mechanical characteristics obtained by laboratory test.

Concrete
fee 27 MPa Ece 0.0015
E. 18530 MPa Eeu 0.005
Steel
fyy 366 MPa £oy 0.0021
fou 493 MPa Esu 0.675
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Fig. 22. — Capacity curves of the case study structure in agreement to N2
method (C/D = 0.56).

the exponent in Eq. (29) has been fixed in this study). In Table 4, the
participation mass associated to the modal shape used for the estimation
of the damper parameters has been also inserted. In Table 5 mean and
standard deviation of the capacity-demand ratios in the original state
and after the introduction of FVDs are inserted.

In Fig. 25, the capacity-demand ratio probability distribution ob-
tained in the case of nominal capacity-demand ratio equal to 0.56 before
the intervention is inserted together with the capacity-demand ratios
probability distribution obtained after the introduction of fluid viscous
dampers in different configurations.

What emerges in this case study (Fig. 25) is that the most frequent
value of capacity-demand ratio obtained from the analyses for the
original state structure is almost equal to the one obtainable by the
pushover analysis, often used in practical applications to study existing

15
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Fig. 23. - Bilinear structural response (mass normalized) and acceleration-
displacement response spectra (PGA = 0.40g) before ({ = 5%) and after the
introduction of fluid viscous dampers; nominal Capacity-Demand Ratio in the
original state equal to 0.56.
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Fig. 24. - Comparison between target spectrum and spectrum of the accel-
erograms used for the dynamic analyses (target spectrum parameters in figure).

structures behaviour. Also, non-linear dampers are much more effective
than linear dampers as expected after the investigation on the bench-
mark systems, but without any relevant advantages if distributed ac-
cording to the storey shear. This result is absolutely consistent with the
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Table 4
- Values of the additional damping {4 and the corresponding FVDs’ parameters,
and the participation mass associated to the modal shape used for the design.

% S 0.15
9O G (3]
Case study 20 1383 474
Cyp [kN niJ Ca [kN ( % )0 15] I\R/I;(iijsl participating Mass
Lower Upper Lower Upper
Storey Storey Storey Storey
1828 937 627 321 83%

results obtained from the benchmark structure (4-storey plane structure)
representing the class of low-rise buildings with plane behaviour. So, the
results have a double value: the first one is the validation of the design
strategy and the second one is the validation of the choice of a 4-storey
plane structure as the benchmark of the class of low-rise buildings with
plane behaviour. This circumstance is much clearer by the observation
of the cumulative density functions in Fig. 26.

Once again, Fig. 26 shows a difference between the probability dis-
tribution of the capacity demand ratios in the case of additional damping
attributed as inherent damping to the structure and additional damping
attributed as concentrated damping by fluid viscous dampers. This is
remarked only to remember that, in the design stage, the additional
damping is assumed as inherent distributed damping differently from
what done after by the use of FVDs.

A comparison of the cumulative probability function of the structure
capacity-demand ratio in the original state and after the introduction of
the non-linear damper with non-uniform distribution in elevation is
shown in Fig. 27 where the 95% confidence intervals are included as
well.

The slope of the cumulative probability functions reveals a higher
scatter of the capacity-demand ratio of the structure provided with
additional damping capacity respect to the structure in the original
state, as in the case of low-rise structures.

Also in this case, as in the study of the benchmark systems, it is
possible to give evidence of the non-reliability of Eq. (29) where the
maximum velocities in the system with linear FVDs are assumed equal to
the velocities with non-linear FVDs. This is immediately clear from
Fig. 28, where a comparison between the distribution of the maximum
velocity [tinmax| appearing in Eq. (29), as derived from the analyses on
the structure with linear dampers and from the analyses on the structure
with non-linear dampers, are shown. However, this is not a reason to not
use Eq. (29) by means of that conservative results can be obtained in any
case.

8. Conclusions

Fluid viscous dampers (FVDs) can be a good seismic protection sys-
tem for existing buildings. FVDs can really provide an additional
important energy dissipation capability that, coupled with the natural
capability of structural systems to dissipate by hysteresis mechanisms
and by the inherent viscosity, is a solution to seismic demand.
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Fig. 25. - Capacity-demand ratio probability density distributions before and
after the introduction of the additional damping (legend: ID-{ = 5%: original
structure with inherent damping 5%; ID-{ = 25%: structure with inherent
damping 25%; ALD-Cost: linear dampers uniformly distributed in elevation;
ANLD-Cost: non-linear dampers uniformly distributed in elevation; ALD-Prop:
linear dampers distributed according to the storey shear; ANLD-Prop: non-
linear dampers distributed according to the storey shear).
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Fig. 26. — Capacity-demand ratio cumulative probability distributions before
and after the introduction of the additional damping (legend in caption
of Fig. 25).

Missing a specific simplified design strategy for FVDs in reinforced
concrete framed structures that, cannot renounce to the possibility to
dissipate by hysteresis, and the possibility of exhibiting a non-linear
behaviour and local plasticization, in this study a novel approach is
proposed combining the fundamentals of the N2 method and the cor-
relation between indefinitely linear systems and elastic-plastic systems
(characterized by the same stiffness in the elastic stage) in terms of
displacement seismic demand.

The proposed procedure assumes the linear behaviour of the FVDs,
the plane behaviour of the structure and the uniform distribution of the
dampers in elevation in terms of dissipation capability to be converted
by a specific strategy, after the first stage of the design, in a non-uniform
distribution of non-linear dampers.

Table 5
— Mean and standard deviation of the capacity-demand ratios obtained from 50 dynamic analyses.
Capacity/Demand
mean standard deviation
Case Study Inherent Damping (5%) C/D = 0.56 from N2 method 0,541 0,069
Additional Inherent Damping (20%) 1,470 0,206
linear FVDs — uniform distribution 1,467 0,250
nonlinear FVDs — uniform distribution 2,527 0,562
linear FVDs - storey shear distribution 1,447 0,220
nonlinear linear FVDs — storey shear distribution 2,800 0,602
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Fig. 27. - Capacity-demand ratios cumulative probability distribution (with 95
% confidence intervals) before and after the introduction of non-linearly non-
uniformly distributed dampers (legend in caption of Fig. 26).
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Fig. 28. — Comparison between the distribution of the maximum velocities
exhibited by the structures with linear dampers and with equivalent non-

linear dampers.

The reliability of the proposed approach has been checked by the
probabilistic point of view by observing the dynamic responses of
benchmark structures under families of accelerograms matching specific
target spectra, in two cases of nominal capacity-demand ratios (C/D) as
derived by the N2 method (C/D = 0.5 and C/D = 0.7), and observing the
dynamic response of a real structure equipped with FVDs as obtained by
the proposed approach. In the present study, the classes of low-rise
plane-like behaviour structures, mid-rise plane-like behaviour struc-
tures and low-rise irregular-in-plan structures have been investigated to
extend to other further classes. The proposed procedure requests as
input the capacity-demand ratio as obtained by the N2 method.

The approach proposed and the observation of the results obtainable
by its use has revealed that:

1) For each class, the proposed approach provides a solution, in terms of
distribution and capacity of non-linear fluid viscous dampers, able to
guarantee at least a 95% of probability to obtain a capacity-demand
ratio higher than 1;

2) In the case of low-rise buildings, the proposed approach provides a
95 % of probability to obtain a capacity-demand ratio higher than
one just with linear fluid viscous dampers uniformly distributed (in
terms of dissipating capacity) in elevation; a 100% probability to
have C/D > 1 is obtained just converting linear dampers in non-
linear dampers by the principle of the equivalent dissipated en-
ergies over a cycle force-displacement;

3) In the case of mid-rise and in-plane non-regular buildings, converting
linear dampers in non-linear dampers and distributing the

Probabilistic Engineering Mechanics 83 (2026) 103905

dissipation capacity proportionally to the storey shear guarantee
obtaining the probability of success stated at previous bullet 1;

4) The not different results obtained for the class of in-plane non-reg-
ular buildings prove that the simplified assumptions on which the
FVDs are designed do not take away from an optimal solution and do
not reduce the probability of success;

5) In each case, the results prove that considering the additional
damping that a structure needs as an inherent damping, instead of
concentrated damping as in reality, does not affect the probability of
success; this derives from the closeness of the probability density
functions obtained in the two configurations of additional inherent
damping and concentrated damping provided by FVDs;

6) The simplicity of the approach proposed and the characteristics of
the approach itself suggest an extension to the case of classes of
structures with different characteristics from those investigated; it is
referred to steel structures as irregular elevation (r.c. or steel)
structures.
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