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Abstract

Among the strategies for the optimal design of Fluid Viscous Dampers, there is a procedure
based on a simplified approach consisting in considering, as one of the hypotheses, the dy-
namic response of a structure governed by the first modal shape. The above-mentioned ap-
proach is addressed to elastic structure but, more important, also to hysteretic existing
buildings and takes, during the design stage, the hysteretic dissipative capacity into account.
Moreover, this approach has been validated for low-rise and mid-rise in-plane behaviour
structures and results show that effectiveness is proved with a high probability of success. The
present work investigates the possibility of applying this strategy to high-rise buildings irreg-
ular in-plane and in elevation and, in general, aims to prove its level of effectiveness. In de-
tail, the approach here discussed is based on specific assumptions, for which low-rise and
mid-rise in-plane behaviour structures are consistent with. But, in order to provide the relia-
bility of the strategy on structures that do not satisfy these initial hypotheses, the simplified
procedure is applied to benchmark models, subjected to appropriate families of base acceler-
ograms, representatives of high-rise buildings irregular in-plane and in elevation, whose dy-
namic response is not always governed by the first modal shape. A comparison between the
obtainable results and the design targets is carried out through time history analyses per-
formed on FVDs-equipped (and non) structural nonlinear models, by a statistical analysis.
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1 INTRODUCTION

Fluid viscous dampers (FVDs) have been commonly used, in the last decades, on both new
structures and existing buildings, with the primary aim of limiting the dynamic response of
civil structures and infrastructures, while also protecting them from excessive internal forces
or excessive ductility demand [4-17]. These devices, unlike other systems used for civil struc-
tures and infrastructures, are characterized by a velocity dependent behavior, producing dissi-
pative forces out of phase with displacements and containing the impact on the structural
inherent stiffness [18]. Despite this, current codes (e.g. FEMA 356 [1]) still propose simpli-
fied approaches for the design and distribution of FVDs, assuming that seismic energy can be
dissipated only by viscous damping, maintaining the structure in an elastic stage or, at most,
considering the dissipation of energy due to structural damage as an equivalent damping in-
herent force [e.g. 2 and 3]. In doing this, any complication due to the non linearity of struc-
tures is overcome to give effective solutions for practical applications and to have rapid
responses to real problems, with a sufficient degree of approximation.

The design procedure discussed here is based on a simplified approach, but the novelty lies
in limiting the structural response by considering the contribution of external viscous damping
(achievable through FVDs), inherent viscous damping and hysteretic damping that the struc-
ture can exhibit, sizing the external viscous dampers taking into account the rate of energy
that the structure can dissipate by hysteresis, differently from the most diffused approaches
based on maintaining the structural elastic behavior. Additionally, this method retains the
benefits of linear analysis techniques. This approach has already been validated for low-rise
and mid-rise in-plane behaviour structures, showing that effectiveness is proved with a high
probability of success, as expected given the specific assumptions it is based on, for which
these types of structures are consistent with. The present work investigates the possibility of
applying this strategy to high-rise buildings irregular in-plane and in elevation, aiming to veri-
fy the reliability and effectiveness of the strategy for structures that do not match the initial
assumptions.

The simplified procedure is applied to benchmark models, subjected to appropriate fami-
lies of base accelerograms, representatives of high-rise buildings irregular in-plane and in ele-
vation, whose dynamic response is not always governed by the first modal shape, which is
one of the hypotheses. The concept of structural hysteretic dissipation is strong from the be-
ginning of the proposed procedure: the additional damping ratio is fixed by comparing the
actual ductility capacity of the structure (predicted by a pushover analysis) with the ductility
demand obtained using the response spectra (of accelerations and displacements) according to
the N2 method [19].

A comparison between the obtainable results and the design targets is conducted through
time history analyses performed on FVDs-equipped (and non) structural nonlinear models, by
a statistical analysis.

2 FLUID VISCOUS DAMPERS’ CONSTITUTIVE LAW

In Eq. (1) the damper force fi exhibited by the damper located in the i-th interstorey is ex-
pressed as:

fi=C '|Ii (U- _ui71)|a - Sgn (ui _UH): Gl |(ui _ui71)|a : Sgn(ui _ui—l) 1)

The force is related to the sgn(u; —u,_, ), “signum” function of the interstorey velocity,

through Ci and «, parameters dependent on constructive damper properties, and i, that gives
information about how dampers are installed (equal to 1 in the case of K support braces).
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Observe that the increase of the parameter C; is associated with an increase in the maxi-
mum force exhibited by an FVD. Further, the progressive reduction of the exponent o makes
the cycle force-displacement exhibited by an FVD close to a rectangle (a=1 is associated to
an elliptical cycle, when a=0 the force displacement cycle is a rectangle).

Once fluid viscous dampers are installed on a plane shear type system, the n-degrees-of-
freedom govern equation changes, becoming:

MU +Cu+R(U,@) +F(u,u) = M, @

Showing a new component, R, that is a vector in which the forces exhibited in the fluid
viscous dampers and transferred to each storey are contained, vector F contains the restoring
hysteretic forces, C is the inherent damping matrix and t is the influence vector.

When o is equal to 1, R can be simply expressed as:

R(u,a=1)=CTu 3)

In Eq. (3), T is a nxn transformation diagonal matrix containing the transformation factor,
while C is the matrix containing the constants (Ci) appearing in Eq (1).

3 THE PROPOSED STRATEGY

According to the N2 method, from a monotonic bilinear equivalent form of the F-3 curve,
it is possible to obtain the available ductility of the system ., to be compared with the de-

mand in terms of ductility ., , expressed as follow:

5ua _ 5ud (4)
5, M7

e e

Hy =

Since the denominator is the same, the comparison is between the ultimate displacement
(6ua) and the corresponding demand (Sud). The strength reduction factor Ry is:

R _MS.(T) )
H Fr
In which F, is the strength of the equivalent bilinear SDOF system, compared to the
strength required for an elastic linear system (derived from the pseudo-acceleration response
spectrum).
Depending on the natural period domain, T*, the displacement demand for an elastic line-
ar system and for an elastic perfect plastic system characterized by a strength reduction factor
R, are related as follows:

*

R =(%—1JT—+1; 0<T <T,

¥
5, 5TC )
R, == T'=T,
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Rewriting the latter equations, marking the dependence of S_(T™) on the damping ratio ¢,
the only unknown is the damping ratio ¢, corresponding to a ductility demand fixed equal
to the ductility capacity:

*

—1JT—+1; 0<T ' <T.
T

¢ )
mS. (T, .
e( geff) :%; T ZTC

F o

r e

Solving Egs. (7) means finding the best additional damping ratio expressed as a differ-
ence between the effective one and the inherent ratio of the structure in the state before the
enhancement:

mS, (T*, Getr ) | Cua
F b

r e

Sd =Geit —S (8)

Once obtained the best additional damping ratio it has to be related to an appropriate
number and distribution of FVDs. To do this some hypotheses are taken into account: the
structure has a plane shear type behaviour, dampers have a linear behaviour (namely charac-
terized by o=1), even if o is generally not higher than 0.5, a uniform distribution of FVDs in
elevation, dissipation capacity constant at each storey and defined by a scalar parameter C, the
coincidence of the FVDs’ velocity and the interstorey velocity. Under these hypotheses, Eq (2)
can be rewritten as:

MU(t)+C(S)U (t)+C(D)u(t)+Ku(t)=—MT5<g (t) ©)

Where C® is the structural inherent damping matrix and C'® is the damping matrix as-
sociated to the FVDs, that is:

c®=c.p (10)
where P is the tridiagonal matrix, whose terms assume the following values Pii:
P=2Vi#n P, =L P =-1Vj=iztl (11)
In which n is the number of storeys.

The last simplification is that the structural response is assumed to be governed by the
first eigenvector, ¢, so that is possible to write:

C=2§da)1¢lTM¢l (12)
&P

Representative of the dissipation provided by all the FVDs at one storey in one direction.
Even if equivalent to the simplified formula proposed by FEMA 356 [1], &, in Eq. (12) has a

totally different meaning since it is the exact supplemental damping ratio needed for a struc-
ture, subjected to a seismic action characterized by a specific response spectrum, that is able
to show a non linear behaviour.
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Once found the latter coefficient, consistent with the initial assumption of constant dissi-
pation along the storeys, a different distribution can be useful, especially in the case of tall
structures where the relative velocity at each storey can be very different. It consists in the
assessment of the dissipation parameter C” for all the n storeys, that is:

*

C =nC (13)
redistributed in agreement to a different criterium, proportional to the storey shear, obtained
by using the distribution coefficient

m;
hi
Si=am (14)

=g

Finally, to pass from the linear coefficient to the non linear one, the formula proposed in
Code FEMA 273 and 274 is used, that is:

L\ v (1+ “ﬂ
C _CI.(|X|max) , ﬂ:|: 2 (15)

2 z-T(2+a)

where |X|max is the maximum absolute value of the damper velocity.

4 DESIGN STRATEGY VALIDATION

The proposed approach has been validated for low-rise and mid-rise structures with in-
plane behavior, as well as in-plane non-regular buildings, from a probabilistic perspective.
This validation involved observing the dynamic responses of benchmark structures under
families of accelerograms that match specific target spectra, in scenarios with nominal capaci-
ty-demand ratios derived using the N2 method. For these buildings’ classes, it provides a so-
lution, in terms of distribution and capacity of linear fluid viscous dampers, able to guarantee,
at least, a 95% of probability to obtain a capacity-demand ratio higher than 1, in some cases it
reaches 100% by changing linear devices in non linear ones. Also, the similar results obtained
for the class of in-plane nonregular buildings prove that the simplified assumptions used in
designing the FVDs do not detract from an optimal solution and do not reduce the probability
of success.

In this study, the reliability of the proposed FVDs' design strategy is evaluated for high-
rise structures with hysteretic irregular behavior both in-plane and in elevation. Two different
benchmark structures are analyzed: the first is a high-rise building with regular in-plane be-
havior and elevation, while the second exhibits irregularities in both plane and elevation, de-
viating from the initial assumptions. The choice to prove the effectiveness of the procedure on
various types of structures derives from the awareness that the characteristics observed in
practical applications may differ from those used to define the discussed approach.

Therefore, examining results from different classes of structures, which may not necessari-
ly adhere to the initial assumptions, is essential to understanding the applicability of the pro-
posed procedure.
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Fig. 1 - Benchmark models: a) plane high-rise regular structure; b) high-rise irregular structure

The first structure represents high-rise buildings that are regular in both plan and elevation,
and it was studied to verify the strategy's reliability on structures not always governed by the
first modal shape. But, the proposed strategy assumes a plane behaviour as hypothesis so the
second structure, which is particularly useful for this study, is characterized by irregularity,
deviating from the initial assumptions. It is derived from the first structure, maintaining the
same column sections but with opposite orientation along the middle frame, and it is equipped
with non-symmetrical infills that create significant in-plane irregularity (equivalent pin-
jointed diagonal struts, using a linear, indefinite elastic material in Fig. 2).

Elastic modulus =500 MPa

Equivalent strut model for infills N 5

t widltﬁ=0,4 m
thickness=0.2 m

Fig. 2 — Infills equivalent model

Considering the same target spectrum, derived from the Italian standards, for both the
structural models, two levels of the nominal capacity-demand ratio (C/D) in terms of top dis-
placements have been found, 0.67 for the regular structure and 0.53 for the irregular one. A
preliminary pushover analysis for both the benchmark structures has been performed, obtain-
ing the bilinear base shear-top displacement curves, as shown in Fig. 3.
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The non linear behaviour is expressed through cross section shown in Fig. 1, assumed as

fiber section and the materials showing the following constitutive law:

— for concrete Mander (backbone) model and Takeda hysteresis model for cyclic behaviour
(fec 20 MPa, f2 10.4 MPa; gcc 0.0013, gcy 0.005);

— for steel Kinematic hysteresis model for cyclic behaviour (fsy 450 MPa, fsy 530 MPa; &gy
0.0021, esu 0675)

2500

20 storeys 20 storeys - 3D

2000
£ 1500
©
()
=
wv
[
% 1000
o

—— Equivalent Bilinear
500 —— MDOF Push-over

SDOF Push-over
/ﬁ_’/—_‘ <— Capacity
0

0,00 0,08 0,16 0,24 0,32 0,40 0,48 0,00 0,08 0,16 0,24 0,32 0,40 0,48
Control displacement [m] Control displacement [m]

Fig. 3 - Benchmark models” MDOF, SDOF and Bilinear structural responses

In Fig. 4 are shown the ADRS used to obtain the capacity-demand ratios and the equiva-
lent force-displacement bilinear curves for each benchmark structure.

14
20 storeys —— ADRS-(=5% 20 storeys - 3D - £ =31%
—— Equivalent Bilinear
12
e Demand
—— ADRS-(=17%
10 - -- Elastic I
1
— < Capacity - Demand 1 T<Tc
NQ 8 . : \
£ . | Y
c before/after dampers, ! \
=  —  \ ---------- , | \
ne 6 after dampers, ' R
I -- N
] \ N
4 [ \\ S .
\ ~ -
N ~.. -
) ~ ==l

0,00 0,12 0,24 0,36 0,48 0,600,00 0,12 0,24 0,36 0,48 0,60
Maximum displacement [m] Maximum displacement [m]

Fig. 4 - ADRS with and without ({=5%) fluid viscous dampers (PGA=0.4g), mass normalized bilinear structural
responses

Bilinear structural responses and the response spectra are mass normalized for an easier
comparison. It is possible to notice that each model is characterized by a fundamental period
T higher than T¢, so that the response elastic branch encounters the response spectrum in its
third branch.
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To probabilistically assess the procedure by observing and processing the results of dy-
namic analyses before and after the introduction of fluid viscous dampers 50 accelerograms
have been generated and applied to the benchmark models. The target spectrum and the spec-
tra from the accelerograms (chosen in such a way that the corresponding response spectrum
provided, on average, the PGA associated with the target spectrum) used for the dynamic
analyses have been extrapolated and are here proposed.

14

50 accelerograms —— Mean —— Target spectrum

12

10

S (T) [m/s?]

e

PGA=0.40g

0

0,00 050 1,00 1,50 2,00 2,50 3,00 3,50 4,00 4,50 5,00
Tls]

Fig. 5 - Target spectrum and spectra from the accelerograms comparison

Table 1 shows all the parameters used in the analyses, in particular values of the addition-
al damping Cq obtained by Eqgs. (7) and (8) (graphically obtained in Fig. 4), the dissipation pa-
rameters constant along the storeys, the first and the last storey values when the latter is
assigned according to the storey shear distribution, and for these three values the correspond-
ing non linear parameters when a=0.15. Last but not least since it is representative of one of
the initial assumptions, the participation mass associated to the modal shape used for the es-
timation of the damper parameters has been also inserted.

Table 1 - Additional damping Cq and corresponding FVDs’ parameters values, modal shape participation mass

0.15 0.15
Ca[%] Ci {kN %} Chic {kN [%j } Cip {kN %} Chip {kN [%j } Participating Mass

Bottom Storey ‘ Top storey  Bottom Storey | Top storey
20 Storeys
12 1378 78 8007 345 415 19 70%

20 Storeys—3D

26 11923 570 68755 3045 3286 145 73%

The capacity demand ratio has been chosen as random variable, so from each analyses the
capacity and the demand with and without additional damping, variously simulated, have
been extracted and the probabilistic distribution, assumed as lognormal, has been generated.

In Table 2, mean and standard deviation of the capacity-demand ratios are inserted for
comparison.
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Table 2 - Capacity-demand ratios’ mean and standard deviation obtained from 50 dynamic analyses.

Capacity/Demand

Mean

Standard Deviation

ID - Inherent Damping (5%) 0,758 0,273
ID - Inherent Damping (17%) 1,178 0,152
ALD - Uniform Distribution 0,910 0,177
ANLD — Uniform Distribution 0,922 0,164
ALD - Storey Shear Distribution 0,947 0,115
ANLD - Storey Shear Distribution 0,939 0,118
20 Storeys—-3D
ID - Inherent Damping (5%) 0,406 0,199
ID - Inherent Damping (26%) 1,065 0,154
ALD - Uniform Distribution 0,691 0,219
ANLD — Uniform Distribution 0,716 0,221
ALD - Storey Shear Distribution 0,959 0,105
ANLD - Storey Shear Distribution 0,925 0,110

In Fig. 6, the capacity-demand distributions are inserted.

Probability Density

12

20 storeys — ID-{=5% ID-{=17% 20 storeys - 3D - { = 31%
ALD - Cost —— ALD - Prop
10 —— ANLD - Cost — ANLD - Prop

capacity-demand ratio: 0.67

N

S

0,00 0,550 1,00 1,50 2,00
Capacity - Demand Ratio

2,50 3,000,00 0,50

capacity-demand ratio: 0.53

1,00 1,50 2,00 2,50 3,00

Capacity - Demand Ratio

Fig. 6 - Capacity-demand ratio probability density distributions with and without additional damping (ID-£=5%:
original structure with inherent damping 5%; ID-£=17% / 31%: structure with inherent damping 17% / 31%:;
ALD-Cost: linear dampers uniformly distributed along the storeys; ANLD-Cost: nonlinear dampers uniformly

distributed along the storeys; ALD-Prop: linear dampers distributed according to the storey shear; ANLD-Prop:

nonlinear dampers distributed according to the storey shear).

What emerges is that both systems show approximately the same response: the most fre-
guent value of capacity-demand ratio obtained by the analyses conducted on the structure
without additional damping is lower than the one obtainable by the pushover analysis, espe-
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cially for the irregular structure, it was expected since pushover analysis provides a range for
the capacity-demand ratio. Also, nonlinear dampers are much more effective than linear
dampers, especially if distributed according to the storey shear.

In both cases, linear and nonlinear additional damping uniform along the storeys does not
cause a sufficient increase in the capacity, leaving approximately a probability of 50% of col-
lapse. This circumstance is much clearer by the observation of the cumulative density func-
tions in Fig. 7.

1,00
20 storeys 20 storeys - 3D,-C %E%—&

o
00
S

e
N
o

0,40

Non exceedance probability

capacity-demand ratio: 0.67 capacity-demand ratio: 0.53

0,20
— ID-(=5% — ID-{=17%
ALD - Cost —— ALD - Prop
—— ANLD - Cost — ANLD - Prop

0,00

0,00 0,50 1,00 1,50 2,00 2,50 3,000,00 0,50 1,00 1,50 2,00 2,50 3,00
Capacity - Demand Ratio Capacity - Demand Ratio

Fig. 7 - Capacity-demand ratio cumulative probability distributions with and without additional damping (legend
in caption of Fig. 6)

In fact, only a non-uniform distribution of nonlinear dampers can consistently ensure a
probability of occurrence lower than 5% for a capacity-to-demand ratio less than 1. This is
evident from the overlapping cumulative probability functions and the area in the non-
exceedance probability-capacity-demand ratio plot. It is important to note the difference in the
probability distribution of capacity-demand ratios when additional damping is considered as
inherent damping within the structure versus when it is considered as concentrated damping
proved by fluid viscous dampers. This distinction is highlighted to emphasize that, during the
design stage, additional damping is assumed to be inherent distributed damping, unlike the
post-design stage where concentrated damping is introduced at each storey.

5 CONCLUSIONS

Previous sections proved that it is possible to name FVDs among the most effective seis-
mic protection systems for existing buildings, not only for low-rice and mid-rice structures,
but also for high-rise regular and irregular systems. The novelty is that in the design phase the
additional amount of energy dissipation capability adds to the natural capability of structural
systems to dissipate through inherent viscosity and hysteresis mechanisms, starting from a
comparison between capacity and demand of a system subjected to a particular earthquake,
using the N2 method. Considering the correlation between indefinitely linear systems and
elastic-plastic systems, the exact amount of additional dissipation can be found.

The procedure reliability has been valued for high-rice building through a probabilistic as-
sessment and the results obtained have come into some important considerations:

e Linear and nonlinear additional damping uniform along the storeys does not cause a suf-

ficient increase in the capacity, leaving approximately a probability of 50% of collapse,
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this could be related to the systems’ dynamic responses not governed by the first modal
shape;

Non linear dampers are more effective than linear ones, especially if distributed along the
storeys;

Non uniform distribution is the most appropriate for high-rice structures, regular and ir-
regular;

The initial assumptions do not affect the probability of success since a capacity demand
ratio higher than 1 can be reached in the case of non uniform distribution.
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