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Abstract

This paper presents the results of an extensive study carried out to investigate the applicability of a novel scheme for
inserting added viscous dampers in shear-type systems. The findings, even though developed with specific reference to civil
building structures, provide useful insight also for the effective addition of viscous dampers in mechanical dynamic systems
(of similar characteristics) when excited at the base.

The novel scheme proposed (referred to as the MPD system) is based upon the mass proportional component of the
Rayleigh damping matrix (MPD matrix) and is characterised by a peculiar damper placement which sees the dampers
placed so that they connect each mass to a fixed point.

Firstly, the paper briefly recalls (a) the physical principles and (b) selected results of numerical investigations which show
that the MPD system is characterised by superior dissipative properties.

Secondly, the paper investigates the implementation of the MPD system in civil building structures. Two solutions are
envisaged herein: direct implementation (through the use of long buckling-resistant dampers which connect each storey to
the ground) and indirect implementation (by placing common dampers between the structure and a very stiff lateral-
resisting element adjacent or internal to the structure). The first solution leads to the implementation in the structure of an
exact MPD matrix, if damper sizing is chosen appropriately. The second solution (simpler than the first one to implement
in building structures) leads to an exact MPD matrix, if, in addition to appropriate damper sizing, the lateral-resisting
element is infinitely stiff. As far as the direct implementation is concerned, this paper shows how long buckling-resistant
braces are available for structural systems up to three storey high. As far as the indirect implementation is concerned, this
paper shows (through extensive numerical parametric investigations) how this solution is capable of providing damping
effects which are similar to those offered by the direct implementation, even for lateral-resisting elements characterised by
finite lateral stiffness. The results obtained also provide insight for the optimal insertion of viscous dampers in coupled
mechanical dynamic systems.
© 2007 Published by Elsevier Ltd.
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1. Introduction

Dissipative systems have widely proven their effectiveness in mitigating seismic effects in shear-type
structures [1,2]. Still the issue is open in terms of identifying the additional damper system that maximises the
overall dissipative properties of the structure under a wide range of dynamic inputs and with reference to a
number of performance indexes [3-10].

In previous research works [11-17], the authors have examined the problem in an innovative, across the-
board manner by studying damper placement and damper sizing contemporarily. This approach has led to the
identification of a special scheme based upon the mass proportional damping (MPD) component of classic
viscous damping matrices which is capable of maximising the overall dissipative properties of the structure
under a wide range of dynamic inputs and with reference to a number of performance indexes. Sections 2—4
summarise the physical principles and the fundamental results of the previous research works carried out by
the authors regarding the optimal damper insertion in shear-type systems. The interested reader may also refer
to Refs. [11-17] for more detail information.

This special scheme (referred to as the MPD system) is characterised, among other properties, by a
peculiar placement of the damping devices. Given the novelty of the proposed disposition (it differs
considerably from the traditional interstorey damper setup), it is fundamental to develop a specific study
of its applicability to actual building structures. Sections 5-7 report the results of these investigations.
The parametric study is developed with specific reference to civil building structural systems, nonetheless the
findings may give useful insight also into the effective addition of viscous dampers in coupled mechanical
systems.

2. The dynamic system considered

The equations of motion of an N-degrees-of-freedom (N-dof) linear elastic dynamic system subjected to
dynamic loading can be written, in time domain, as follows [18]:

Mii(z) + Cu(?) + Ku(?) = p(?), (1)

where M is the mass matrix, K the stiffness matrix, C the damping matrix, u(z) the displacement vector
representing the displaced shape of the system and p(7) the vector of the externally applied dynamic loading.
A dot over a symbol indicates differentiation with respect to time.

Let us consider a dynamic system composed of (i) an N-dof linear elastic shear-type system and (ii) a generic
ensemble of added viscous dampers. Fig. la provides the physical representation typical of the mechanical
engineering for the dynamic system considered, while Fig. 1b provides the physical representation typical of
the structural engineering for the dynamic system considered. Internal (intrinsic) damping is neglected and a
linear constitutive law of the type Fy = cv (where F, is the force provided by the damper, ¢ is its damping
coefficient and v is the relative velocity between the two damper ends) is assumed for the damping mechanism.
It is well known that in this specific case:

® u(?) = {u1(t) us(t) - - - uy(£)}' is the column vector of the mass displacements uff) of the shear-type
system (with i = 1,...,NV indicating the number of the masses from the left to the right in the case of the
shear-type mechanical system and from the bottom to the top in the case of the shear-type structural
system);

e the mass matrix is an N x N diagonal matrix, whose terms depend on the masses of the physical elements of
the system [18];

o the stiffness matrix is an N x N banded (tri-diagonal) matrix, whose terms depend upon the stiffnesses of
the physical elements of the system [18];

e the damping matrix is an N x N matrix which can be full, banded or diagonal depending on the ensemble of
added viscous dampers which is introduced into the structure.
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Fig. 1. (a) Physical representation of an N-dof shear-type mechanical system equipped with a generic system of added viscous dampers. (b)
Physical representation of an N-dof shear-type structural system equipped with a generic system of added viscous dampers.

3. The MPD and SPD limiting cases of the Rayleigh damping matrix

Let us now consider an ensemble (system) of added viscous dampers which leads, for the generic N-storey
linear elastic shear-type system described before, to a Rayleigh damping matrix C® [18]. The Rayleigh
damping matrix C* has the following expression:

CR = oM + BK, ()

where M and K are, respectively, the mass matrix and the stiffness matrix described in Section 2 and « and 8
are two constants having, respectively, units of s~! and s.
Eq. (2) leads also to the definition of the following two limiting cases:

® Mass Proportional Damping matrix or MPD matrix:

CMPD — 5 M. (3)

e Stiffness Proportional Damping matrix or SPD matrix:

CSPP = pK. 4)

Note that CX = CMPP 4 CSPP,
The system of added viscous dampers which leads to a damping matrix equal to a Rayleigh damping matrix
is referred herein to as ““Rayleigh damping system”. Similarly, the system of added viscous dampers which
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leads to a damping matrix equal to the MPD matrix is referred herein to as “MPD system” and the system
of added viscous dampers which leads to a damping matrix equal to the SPD matrix is referred herein to as

“SPD system”.

Recalling the well-known form of the matrix M for a shear-type dynamic system leads to

[ oy 0o ... 0 7
0 amy O
0
CMPD= om; , (5)
oMy —1 0
i 0 0 amy |

where m; represents the mass of the ith element in the case of the shear-type mechanical system and the mass of
the ith storey in the case of the shear-type structural system. By calling am; =¢; (Vi=1,...,N), Eq. (5)
becomes

[ ¢ 0 (U
0 (&) 0
0
CMPD — ¢i . (6)
CN-1 0
L 0 0 CN_

From simple kinematics considerations and from the definition of element ¢,, of a generic damping matrix,
it can be observed that the damping matrix provided by Eq. (6) corresponds to a physical system of added
viscous dampers, which connect each storey to a fixed point (e.g. the ground). In detail, with reference to the
definition of ¢, (the force corresponding to coordinate r due to unit velocity of coordinate s) and to the form
of Eq. (6), a unit velocity along coordinate i, #; = 1, produces only a damping force of magnitude F; =
citt; = ¢;1 = ¢; along the direction of coordinate i: this can be physically achieved only by placing dampers
which connect each ith storey to a fixed point (e.g. the ground).

Similarly, recalling the well-known form of the matrix K for a shear-type dynamic system leads to

[ Bk + Bk —pks> 0 .. 0 7
—Bka  Pka+ Bks  —Phks 0
0 —Pks  Pks+ Pka
CSPD _ ’ )
. 0
e Bkn-1+ Pkn  —Pkn
o0 —phky  Bky |

where k; represents the stiffness connecting the ith element to the (i—1)th element (i.e. to the fixed point if
i=1) in the case of the shear-type mechanical system and the total lateral stiffness of the vertical elements
connecting the ith storey to the (i—1)th storey (i.e. to the ground if i = 1) in the case of the shear-type
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structural system. By calling fk; =¢; (Vi=1,...,N), Eq. (7) becomes

[c1 + ¢ —C 0 0 T
—C )+ c3 —C3
0 —C3 3+ ¢y
cSP = | . . (®)
0
CN—1 T CN —CN
0 —CN N

It can be then observed that the damping matrix provided by Eq. (8) corresponds to a physical system of
added viscous dampers placed so that they connect adjacent storeys. In detail, with reference to the definition
of ¢,y and to the form of Eq. (8), a unit velocity along coordinate i, &; = 1, produces:

® a positive damping force of magnitude F; = (¢; + ¢iv1)t; = (¢; + ¢iv1)1 = ¢; + ¢i1 along the direction of
coordinate i;

® a negative damping force of magnitude F; | = —c¢;i; = —c¢;1 = —¢; along the direction of coordinate
(i =1

e a negative damping force of magnitude F; | = —c¢;11i; = —c¢iy11 = —c;11 along the direction of coordinate
@i+1).

From simple kinematics considerations, it can be seen that this can be physically achieved only by placing
dampers so that they connect adjacent storeys. Damper characterised by coefficient ¢; (as defined with respect
to the motion of coordinates i and (i+ 1)) connects storey i (or coordinate i) to storey (i—1) (or coordinate
(i—1)). Damper characterised by coefficient ¢;;; connects storey i (or coordinate i) to storey (i+1) (or
coordinate (i+1)).

Consequently, the Rayleigh damping matrix given by Eq. (2) corresponds to a physical system which
encompasses both added viscous dampers connecting each storey to the ground and added viscous dampers
connecting adjacent storeys.

With reference to the illustrative 3-dof shear-type mechanical system represented in Fig. 2a:

® when a Rayleigh system is inserted into the shear-type system, the physical system thus obtained
corresponds to that schematically represented in Fig. 2b;

o when an MPD system is inserted into the shear-type system, the physical system thus obtained corresponds
to that schematically represented in Fig. 2c;

e when an SPD system is inserted into the shear-type system, the physical system thus obtained corresponds
to that schematically represented in Fig. 2d.
With reference to the illustrative 3-dof shear-type structural system represented in Fig. 2e:

e when a Rayleigh system is inserted into the shear-type system, the physical system thus obtained
corresponds to that schematically represented in Fig. 2f;

e when an MPD system is inserted into the shear-type system, the physical system thus obtained corresponds
to that schematically represented in Fig. 2g;

o when an SPD system is inserted into the shear-type system, the physical system thus obtained corresponds
to that schematically represented in Fig. 2h.

Inspection of Figs. 2c, d, g and h indicates that the MPD and the SPD systems are physically separated.
Inspection of Figs. 2c, d, g and h also allows to formulate the following alternative definitions in terms of
damper placement and damper sizing for the MPD and the SPD systems (see also details given in Refs. [11-17]):

® MPD system: the dampers are placed in such a way as to connect each mass to a fixed point. This placement
can be referred to as “Fixed Point placement” or “FP-placement”. The dampers are sized so that each
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Fig. 2. A 3-dof shear-type mechanical system: (a) undamped, (b) equipped with Rayleigh damping system, (c) equipped with MPD system
and (d) equipped with SPD system. A 3-dof shear-type structural system: (¢) undamped, (f) equipped with Rayleigh damping system,
(g) equipped with MPD system and (h) equipped with SPD system.

damping coefficient c; is proportional to the corresponding mass m;. This sizing can be referred to as “Mass
Proportional sizing” or M P-sizing” .

® SPD system: the dampers are placed in such a way as to connect two adjacent masses. This placement can
be referred to as “Inter-Storey placement” or “IS-placement”. The dampers are sized so that each damping
coefficient ¢; is proportional to the stiffness k; connecting these two adjacent masses. This sizing can be
referred to as ““Stiffness Proportional sizing” or “SP-sizing” .

4. Performances of the MPD and SPD systems

As illustrative examples of the performances provided by the MPD and SPD systems (and, more in general,
of the performances provided by damper systems characterised by FP-placement and IS-placement),
analytical findings and selected numerical results are presented in the following.
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4.1. The equal “‘total size”’ constraint

In order to make meaningful comparisons of the dissipative performances offered by different damper
systems, the following condition (referred to as the equal “total size” constraint) is imposed upon their “total
size”. The sum, ¢, of the damping coefficients, ¢;, of all M added viscous dampers introduced into the shear-
type system, is equal to a set value, ¢, as given by the following formula:

M
Ciot = ch =C. 9)
=1

In accordance with the usual matrix notation, where ¢, is the rsth element of the system damping matrix C,
for N-dof shear-type systems, this condition translates into

N N
SN e =c (10)

r=1 s=r

4.2. Physical dissipative properties of the Rayleigh damping systems and its limiting cases

All results presented in this section are obtained with reference to the class of shear-type systems
characterised by values of mass and stiffness which do not vary (m; =m and k; =k, Vi=1,...,N).

For the class of shear-type systems here considered, imposing the equal “total size” constraint to a generic
Rayleigh damping system leads to the identification of a class of Rayleigh damping systems characterised by
the following specific values &® and BR of the o and f§ parameters:

aR =a(l —y),
B =By, (11)

where

® v is a dimensionless parameter with values ranging between 0 and 1, that identifies each specific Rayleigh
system within the class defined above;

_ c o
hd =——=— 12
A== (12)
= c Co
L] = — = — 1
f=r=2 (13)
¢
° =7 (14)
y = 0 identifies the MPD system, whilst y = 1 identifies the SPD system.
Note that:
o for N-dof shear-type systems, the MPD and the SPD systems are characterised by M = N,
e for the MPD system:
GMPD _ 5
F =0, (15)
e for the SPD system: 57D _ ¢

B =8, (16)
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e the MPD and the SPD systems are made up of N equally sized dampers (each one characterised
by ¢o).

Note that Eqgs. (12) and (13) lead to the following relationship between the & and f values that guarantees
the satisfaction of the equal “total size” constraint, independently of ¢:

i = B (17)

where wo = \/k/m is a useful reference circular frequency that corresponds to the circular frequency of a
single-degree-of-freedom (sdof) system with stiffness equal to k and mass equal to m.

For classically damped N-dof dynamic systems, it is possible to define a damping ratio for each mode of

vibration [18]. For Rayleigh damped N-dof dynamic systems, it is well known that the ith modal damping
ratio, ff, expressed according to the notation of Eq. (2), is given by

| o
w27

6 () = (18)
where w; is the ith modal (undamped) circular frequency of the N-dof dynamic system.

For the class of shear-type systems here considered, imposing to Eq. (18) the equal ““total size” constraint in
the form of Egs. (15), (16), (11) and (17) leads to

mpp _ & o (o <o
il 2w,~ 2(1)0 <0),> Qi’ ( )
£SPD _ o, _ G & (o) 0. (20)
i - 2 _2(1)(%_20)0 0 = 0%
-R =R
R _ B w;
éi - 2(1),+ 2 ’
B
= 2w "/a
= &P -y + é,»SPD%
= EMPD — y(gMPD — &3FD), 1)

where

e Q = a), /o_is the ith normalised circular frequency (with respect to the reference circular frequency wy);

N = o = ’3 «/1% , is a reference damping ratio that only depends on the characteristics of the
shear-type system (]X m and N) and the “total size” (¢) of the damper system. It is worth pointing out that
&y corresponds to the damping ratio of an sdof system with stiffness equal to k, mass equal to m and
damper coefficient equal to ¢.

Fig. 3 shows the modal damping ratio vs. normalised circular frequency curves for a shear-type system
equipped with the MPD system, the SPD system and the Rayleigh damping system characterised by y = 0.5,
as obtained under the equal ‘“‘total size” constraint. As known, MPD systems provide a modal damping ratio
which progressively (hyperbolically) decreases as the modal frequency gets higher and higher; while SPD
systems provide a modal damping ratio which linearly increases as the modal frequency gets higher and
higher. Note that, as per Eq. (21), the Rayleigh damping system is characterised by intermediate properties.

In order to draw conclusions regarding the relative dissipative efficiencies of the MPD and the SPD systems,
it is necessary to know whether the normalised circular frequencies ©; of the modes of vibration which govern
the response of the dynamic system considered are larger or smaller than unity.
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Fig. 3. The modal damping ratio vs. normalised circular frequency curves for a dynamic system equipped with the MPD system (blue
line), the SPD system (red line) and the Rayleigh damping system characterised by y = 0.5 (black line), as obtained under the equal “total
size” constraint.

From Egs. (19) and (20), it can be deduced that

£SPD
61;/[PD = Q0. (22)
J
Specialising Eq. (22) for i =, it is clear that:
o if Q=1 then ff»leD = 50 = f]sSPD;
o if Q<1 then EMPP > ¢ &SPD.
. MpD §pD
o if Q;>1then £ <&y<& .
Specialising Eq. (22) for i =j =1 leads to
&
1
For the class of shear-type systems here considered, investigation of the properties of the normalised
circular frequencies £; (i=1,...,N), which involves the study of the eigenproblem of a banded and an
identity matrices, reveals that the following result is demonstrated [17]:
Q <1, (24)
which, thanks to Eq. (23), directly leads to
éSPD
1
AMPD <1 (25)
1

i.e., the insertion into the shear-type (either mechanical or structural) system of an MPD system leads to a
damping ratio of the fundamental mode of vibration which is always larger than that given by the insertion of
an equal ‘“‘total size”” SPD system (éll\/IPD > f?PD). Also from Eq. (21) it is clear that the insertion into the shear-
type (either mechanical or structural) system of an MPD system leads to a damping ratio of the fundamental
mode of vibration which is larger than that given by the insertion of any Rayleigh damping system of equal

“total size””. This result is of fundamental importance for shear-type systems characterised by dynamic
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response governed by the first mode of vibration, such as those excited at the base with a broad-band
excitation (such as the earthquake input).

Still, the study of the properties of the first normalised circular frequency €, reveals that the following
results are demonstrated [17]:

MPD > ¢0/N, (26)
8P < % 27)
SPD
1
%PD <3 (28)

1

which indicate that the superior dissipative properties of the MPD system with respect to those of the equal
“total size’” SPD system increase with increasing number of degrees of freedom N.

Fig. 4 shows the numerical values of the ratio C?PD / éll\’IPD for N varying from 2 to 30, as obtained for the
class of shear-type systems here considered. The figure also shows the curve y = 1/N which, as demonstrated
in Ref. [17], represents an upper bound for élspD/éllleD.

Focusing on higher modes of vibration, the study of the properties of Q; (i = 1, ..., N) reveals that also the
following result is demonstrated [17]:

PS> > (29)

where p is the number of modes of vibrations for which Q;<1 (i =1,...,p). It is numerically seen [17] that
N+2

=57 (30)

where [z] indicates the integer part of z.

Fig. 5 shows the numerical values of the ratio between N — p + 1 and N, as obtained for the class of shear-
type systems here considered. Inspection of this figure indicates that 511\/“) D is larger than roughly the first 70%
(with respect to the total number of modal damping ratios) modal damping ratios .fl.spD.

All above results clearly indicate that a shear-type (either mechanical or structural) system equipped with
added viscous dampers which lead to an MPD matrix, when excited at the base with a broad-band excitation
(such as the earthquake input), should always display superior dissipative properties than those displayed by
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Fig. 4. The ratio ;’?PD/Q’?"PD (black dots) and its upper bound y = 1/N (black continuous line) for N varying from 2 to 30. The red line
indicates the curve y = 1.
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Fig. 5. The (N —p + 1)/N ratio (black squares) for N varying from 2 to 30.

a shear-type system equipped with equal ‘“‘total size”” added viscous dampers which lead to an SPD matrix.
Also, these superior dissipative properties should increase with increasing number of degrees of freedom.

Finally, as far as the geometrical sum of the modal damping ratios, &, = \/Zil\; 15?, is concerned, it is

demonstrated that [17]
SPD N (£SPDy2
1\%1';1): 2imi (&) _ /4];/—2' 31)
fg.s_ Zf\;l(éz_\/IPD)z N-+N

For shear-type systems subjected to a broad-band base excitation and under the here conservative
(pejorative with respect to the evaluation of the damping performances of shear-type systems equipped with
the MPD system) hypothesis that all modes have the same importance in the determination of the global
system response, the geometrical sum of the damping ratios can be reasonably assumed as a meaningful
performance index of the dissipative effects of the MPD and SPD systems. Therefore, Eq. (31) indicates that
the dissipative effects of the MPD system are larger than those of the equal “total size”” SPD system even for
N>2 and that they increase for increasing N, as also illustrated in Fig. 6.

4.3. Numerical verifications of the dissipative properties of the MPD and SPD systems

This section presents selected numerical results which synthesise the findings of extensive parametric
analyses carried out by the authors [11-17], aimed at comparing the dissipative properties of MPD systems
with those of other generic (classical and nonclassical) damping systems.

Specific reference is now made to civil building structures equipped with additional viscous damping
devices. However, the results that will be obtained may be easily extended to mechanical systems of similar
characteristics.

Firstly, this section presents results (in terms of floor responses and damper forces) obtained for Rayleigh
damping systems. Secondly, the dissipative properties of the MPD and the SPD systems will be compared with
those of other “optimised” (in their damping efficiency) systems of added viscous dampers obtained using
numerical algorithms.

All results are developed with reference to the 6-storey shear-type structural system of Fig. 7a, which is
characterised by values of mass and lateral stiffness which do not vary along the building height. At each
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Fig. 6. ég_‘:?/égﬂ@ (black dots) for N varying from 2 to 30.
storey, the lateral stiffness' of the vertical elements connecting one floor to the adjacent one is equal to
ki=k=4x10" N/m and the floor mass (see footnote 1) is equal to m; = m = 0.8 x 10° kg. Interstorey height
is equal to 3.0 m. The periods of vibration of the structure are given in Table 1. Internal damping is neglected
and the set (see footnote 1) value  considered herein is equal to 9.0 x 10°N's/m.

As far as Rayleigh damping systems are only concerned, Fig. 8 shows ¢, as functions of parameter y. g;
being the square root of the mean square response [19] (that coincides with the standard deviation for
stochastic inputs with zero mean value), of the ith storey displacement of the structure subjected at the base to
a white noise acceleration. The white noise considered has the following characteristics: band-limited between
0 and @ = 60rad/s, stationary, Gaussian with zero mean and characterised by constant power spectral density
of amplitude 4% = 0.144m? /s> >

Inspection of Fig. 8 shows that, among all Rayleigh damping systems, the MPD system (characterised by
y = 0 and represented in Fig. 7b) represents the optimum solution as far as minimising ¢; is concerned, whilst
the SPD system (characterised by y = | and represented in Fig. 7c) provides the worst solution. The curves
oi(y) of Fig. 8 are extremely smooth and feature an almost horizontal tangent at y = 0, so that systems
characterised by 7 values close but not equal to zero still show very low values for ¢;. This clearly indicates the
“robustness” of the dissipation efficiency of MPD systems.

Note that, under the equal ‘“‘total size” constraint, given that, for the structure examined, m; = m and
ki=k, Vi=1,...,6, it turns out that all dampers are equal in size for both MPD and SPD systems
(¢j=¢/6=15x 106Ns/m, Vj). Therefore, the only difference between these two systems is the actual
placement of the viscous devices. The results of Fig. 8 thus highlight the prime importance of damper
placement to achieving dissipative effectiveness. Basically, in the class of structures characterised by a
Rayleigh damping system, the conventional arrangement of dampers between adjacent storeys (characteristic
of the SPD system) is that which provides least dissipation efficiency. On the other hand, dampers placed in
such a way as to connect each storey to a fixed point, typical of the MPD system proposed herein, provide
maximum damping efficiency.

Fig. 9 shows the sum, X, of the standard deviations of the forces exerted through all dampers (under the
stochastic white noise acceleration of above) as function of parameter y. Inspection of this figure clearly
indicates that, from an engineering point of view, the sum of the forces exerted through all dampers is

IThese specific values k, m and & are selected for the sake of comparison with other research results regarding the optimal placement of
added viscous dampers that are available in literature [3].

These values have been chosen so that standard deviation of acceleration at the base of the structure supplied by this stochastic process
is equal to 0.3g.
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Fig. 7. The reference 6-storey shear-type structure: (a) as it is, (b) equipped with the MPD system and (c) equipped with the SPD system.

Table 1
Periods of vibration of the reference structure (s)

T T, T; Ty Ts Ts

1.166 0.396 0.247 0.188 0.159 0.145
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Fig. 8. g, vs. y curves for the reference 6-storey shear-type structure: i = 1 (red), i = 2 (green), i = 3 (magenta), i = 4 (cyan), i = 5 (blue),
i = 6 (black).

substantially the same for all damper systems and, therefore, the superior performances offered by the MPD
system with respect to the SPD system do not come at the expense of larger forces exerted through the
dampers, but are due to its intrinsic physical properties [17] recalled in Section 4.2.

As far as nonclassical damping systems are concerned, Fig. 10 shows the ¢; profiles as obtained for
the reference structure equipped with the following systems of added viscous dampers (all obtained under the
equal “‘total size constraint):

o SPD system;
o TAK system;
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Fig. 9. Sum, X, of the standard deviations of the forces exerted through all dampers (under stochastic input) as a function of parameter y
for the reference 6-storey shear-type structure.
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Fig. 10. Standard deviations of storey responses, a;, for the reference 6-storey shear-type structure equipped with the (—A—, red) SPD,
(—A—) TAK, (—0O—) GIOIS, (—@®@—, blue) MPD and (—O—) GIOFP systems.

e GIOIS system;

e MPD system;

o GIOFP system;

o GIOFREE system.

The TAK system is identified as “optimal” in the research works of Izuru Takewaki [3]. This system is
characterised by an IS-placement. The size of the dampers is determined through inverse problem approach
so that the sum of amplitudes of the transfer functions of interstorey drifts evaluated at the undamped
fundamental natural frequency is minimised.
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The GIOIS, GIOFP and GIOFREE systems are identified as “optimal” making use of genetic algorithms
[9,20-26], as already done in previous research works carried out by the authors [15,16]. The basic
characteristics of the GA here adopted can be summarised as follows:

e population: 30 individuals;
e mutation choice: 18%;

e clitism choice: 18%;

e number of iteration: 150.

The GIOIS is the system characterised by “optimal” sizing for the IS-placement.

The GIOFP is the system characterised by “optimal” sizing for the FP-placement.

The GIOFREE system is obtained imposing no constraint upon damper placement so that all possible
damper positions can be considered (i.e. dampers may connect adjacent storeys, nonadjacent storeys and
storeys to a fixed point). The size of the dampers is determined in order to minimise the average of the
standard deviations of the interstorey drift angles of the structure subjected to the white noise input
acceleration described before [15,16].

Table 2 provides the values of the damping coefficients for the various damping systems considered with
reference to the notation of Fig. 7.

Note that the GIOFP and the GIOFREE systems are identical. This is a further indication that FP-
placement is capable of providing superior dissipative properties. In the next part of this section, reference will
be made to the GIOFP system only.

Inspection of Fig. 10 shows that both the systems characterised by an FP-placement (MPD and GIOFP)
lead to storey responses which are much smaller (up to 4 times) than those obtained for systems characterised
by an IS-placement (SPD, TAK and GIOIS).

Fig. 11 shows the averages, s, over 40 historically recorded earthquake ground motions all scaled to the
same peak ground acceleration (PGA) of 0.3g (where g represents the gravity acceleration), of the sums of
the maximum forces exerted through all dampers as obtained for the reference structure equipped with the
following systems of added viscous dampers: SPD, TAK, GIOIS, MPD and GIOFP systems.

Inspection of this figure clearly indicates that, again, from an engineering point of view, the sum of the
forces exerted through all dampers is substantially the same for all damper systems and, therefore, the superior
performances offered by the MPD system (and, in general, by systems characterised by FP-placement) with
respect to the SPD system (and, in general, to systems characterised by traditional IS-placement) do not come
at the expense of larger forces exerted through the dampers, but are due to its intrinsic physical properties [17]
recalled in Section 4.2.

Basically, the selected results here presented illustrate how systems characterised by the innovative fixed-
point damper placement (as it is the case of the MPD system) leads to damping efficiency which is far superior

Table 2

Values of the damping coefficients ( x 10°Ns/m) for the various damping systems considered with reference to the notation of Fig. 7
SPD TAK GIOIS MPD GIOFP GIOFREE

c — — — 1.5 1.02 1.02

[ — — — 1.5 1.53 1.53

e — — — 1.5 1.70 1.70

cy — — — 1.5 1.70 1.70

cs — — — 1.5 1.53 1.53

6 — — — 1.5 1.53 1.53

7 1.5 4.80 3.79 — — 0

g 1.5 4.20 3.32 — — 0

9 1.5 0 1.89 — — 0

Cio 1.5 0 0 — - 0

1y 1.5 0 0 — — 0

C12 1.5 0 0 - — 0
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Fig. 11. Averages, pus, (over 40 historically recorded earthquake ground motions all scaled to a PGA value of 0.3g) of the sums of
maximum forces exerted through all dampers for the reference 6-storey shear-type structure equipped with the SPD (red), TAK (orange),
GIOIS (yellow), MPD (blue) and GIOFP (cyan) systems.

to that offered by the traditional damper placements which see dampers placed between adjacent storeys (as it
is the case of the SPD system).

5. Applicability of the MPD systems

As recalled in the previous section, the MPD system and, in general, damper systems characterised by FP-
placement, lead to good damping performances. However, the issue of how to implement FP-placement in real
shear-type systems still needs to be addressed.

In the following analyses, MPD systems will be taken as reference of the performances offered by the class
of damper systems characterised by FP-placement (Figs. 12a, b, d and ¢) and SPD systems will be taken as
reference of the performances offered by the class of damper systems characterised by IS-placement (Figs. 12¢
and f).

With reference to the schematic representation of Figs. 12a and d, a ““direct implementation” of the MPD
system (that leads to a damping matrix which corresponds to an exact MPD matrix, if damper sizing is chosen
appropriately) can be obtained using the ground as fixed point. This is achieved by placing dampers so that
they connect each mass to the ground.

With reference to the schematic representation of Figs. 12b and e, an “indirect implementation™ of the
MPD system can be obtained using a “‘support’ shear-type system as fixed point. This is achieved by placing
dampers so that they connect the shear-type system to be damped (“reference’ shear-type system) to a
“support” shear-type system (which must be characterised by a large, ideally infinite, stiffness).

6. Direct implementation of the MPD systems

For shear-type mechanical systems, the direct implementation of the MPD system should pose no problems
if enough space is available.

For shear-type structural systems, in order to obtain a direct implementation of the MPD systems, it is
necessary to introduce dissipative braces of considerable length. At the present time, the following
technological solutions can be envisaged to overcome the length problem:

e use of the so-called “mega braces” of the Taylor Devices Company, already employed (though not
following an exact MPD scheme) for the Chapultepec Tower (best known as Torre Major and shown in
Fig. 13) in Mexico City. In this building, the dampers connect floors which are 2 storeys apart;
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Fig. 12. Shear-type mechanical system: (a) fixed point placement obtained through direct implementation, (b) fixed point placement
obtained through indirect implementation and (c) interstorey placement. Shear-type structural system: (d) fixed point placement obtained
through direct implementation, (e) fixed point placement obtained through indirect implementation and (f) interstorey placement.

e use of the so-called “unbonded braces™ [27] of the Nippon Steel Corporation, already employed (though
not following an exact MPD scheme) for the Osaka International Conference Centre [28], shown in
Fig. 14a, and the retrofit of the Wallace F. Bennett Federal Building in Salt Lake City [29], shown in
Fig. 14b;

@ use of prestressed steel cables coupled with silicon dampers as proposed in the SPIDER European research
project [30] whose schematic representation can be seen in Fig. 15.

In both the Chapultepec Tower and the Osaka International Conference Centre, the dampers connect floors
which are 2 or 3 storeys apart and therefore the up to date technology is readily available to successfully
implement direct MPD systems for building structures up to 3 storeys high.

It must be noticed that, for civil building structures, direct implementation requires specific building details
to be studied and addressed which may prove to be expensive (such as the long connections for the bracing
system and the passage of the bracing system through the floors).

7. Indirect implementation of the MPD systems

For both shear-type mechanical and structural systems, indirect implementation should be deeply
investigated in order to assess if it is capable of providing damping effects which are similar to those offered by
the direct implementation. Without loss of generality, the following parametric study is carried out with
specific reference to shear-type structural systems, nonetheless all the results may be easily extended to shear-
type mechanical systems.

Indirect implementation of the MPD system does not require specific dampers and expensive building
details, but simply places traditional viscous dampers so that they connect the reference structure to
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Torre Chapultepec - Mexico City, Mexico‘

Fig. 13. The Chapultepec Tower (best known as Torre Major) in Mexico City: (a) under construction and (b) schematic representation of
the “‘mega-braces” of Taylor Devices Company.

§
§
A

Fig. 14. (a) Osaka International Conference Centre, (b) Wallace F. Bennett Federal Building.

a “‘support” structure. This damper placement allows to obtain a dynamic system characterised by an exact
MPD matrix, only if the “support’ structure is infinitely stiff. Given that this is hardly physically feasible, the
performances obtained by such systems cannot be the same of those obtained with the direct implementation
of the MPD system. To address this issue, the authors have carried out an extensive parametric study varying
the ratio between the lateral stiffness of the support and the reference structures. Given that the reference
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Fig. 15. Schematic representation of the damping cables of the SPIDER research project.
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Fig. 16. MPD system obtained by placing dampers so that they connect the reference shear-type structure to (a) a concrete core and (b) a
bracing system.

structure and the “support” structure can be either two adjacent buildings or two portions of the same
building, this parametric study has been developed with reference to the following two cases:

® Case 1: insertion of dampers between two adjacent structures characterised by different dynamic properties;

e Cuase 2: insertion of dampers between a frame structure and a very stiff lateral-resisting element, such as the
conventional concrete cores of the stairs/elevator typically found in r.c. constructions (Fig. 16a) or the
bracing systems typical of steel structures (Fig. 16b).

It must be noticed that the coupling with viscous dampers of two structures has been investigated in
recent research works [31-37] (even though not recognising it as an indirect implementation of the MPD
system).

In the forthcoming Sections 7.1 and 7.2, the dynamic properties of the systems of cases 1 and 2 are studied
individually.

7.1. Insertion of dampers between two adjacent structures characterised by different dynamic properties (case 1)

Let us consider the two structures represented in Fig. 17, where R denotes the reference structure and
S denotes the support structure, both characterised by the same total number of storeys. The reference
structure R considered in this illustrative example is the 6-storey shear-type structure described in Section 4
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(characterised by floor masses m; = m, Vi and storey lateral stiffnesses k; = k, Vi). Twelve different support
structures S are considered in this parametric study, each one characterised by

e floor masses mgs equal to mg = p,,m,
e storey lateral stiffnesses ks equal to ks = p,k.

m ms
R S
N m |k mg | ks
m k mg ks
m k mg | ks
m k mg kg
m k mg kg
k kg

N

Fig. 17. (a) Reference structure R. (b) Support structure S.

Table 3
Values of p,,, px and pp = T s/T g for case 1

Pm Pk Pr
S 0.75 2 0.612
S, 0.75 5 0.387
S 0.75 10 0.274
Sy 0.75 20 0.194
Ss 1.00 2 0.707
Se 1.00 5 0.447
S7 1.00 10 0.316
Sg 1.00 20 0.224
So 1.50 2 0.866
Sio 1.50 5 0.548
S 1.50 10 0.387
S12 1.50 20 0.274
C,
R m E 6 mg s
N k| m s | omg |k
=l
k m ﬁC4 mS kS
T
k . k
m E c3 mg S
k m — ¢ mg kS
T
k k
m Ecl mg S
k ks

Fig. 18. Coupled structures R & S.
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where p,, and p,, are given in Table 3. Table 3 also gives the ratio, p;, between the fundamental period, T’ s, of
each support structure S and the fundamental period, T’ g, of the reference structure R.

Note that the 12 support structures considered can be divided into three groups, each one characterised by
the same p,,: S; through S, are characterised by p,, = 0.75, S5 through Sg are characterised by p,, = 1.00, and
Sy through S, are characterised by p,, = 1.50.

The parametric study is carried out for the following dynamic systems (structures+equal “total size”
ensemble of additional dampers):

e structure R with no added viscous dampers (and null internal damping), referred to as R-UND dynamic
system, as per Fig. 17a;
o structure R equipped with the SPD system, referred to as R-SPD dynamic system, as per Fig. 7c and

Table 2;

0 1 2 3 4 5 6 7 8
Hr

Fig. 19. Profiles of response ratio averages: (—V—) ur_mpp-1 for S1, (—A—) pr-mpp-1 for Sz, (—<—) urmpp.r for Sz, (—O—) Ur_mpp-1
for Sy, (—@—, green) ug_ynp, and (—@—, blue) ur_vpp, as computed for structure R.

Fig. 20. Profiles of response ratio averages: (—V—) ug_mpp-1 for Ss, (—A—) ur_mpp-1 for Se, (—<—) pr-mpp.1 for S7, (—O—) ur_mpp-1
for Sg, (—@—, green) ug_ynp, and (—@—, blue) ur_vpp, as computed for structure R.
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Fig. 21. Profiles of response ratio averages: (—V—) ur_mpp.1 for So, (—A—) pr-mppg for Sio, (—O—) prompp for Sip, (—0—)
Hr-mpp-1 for Si2, (—@—, green) up_ynp. and (— @ —, blue) ug_vpp, as computed for structure R.
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Fig. 22. Profiles of response ratio averages: (—V—) g vpp.1 for Sy, (—A—) us vpp. for Sz, (—<—) pig mpp-r for Ss, (—O—) ps mpp-1
for S,, as computed for structure S.

e structure R equipped with the MPD system (direct implementation), referred to as R-MPD dynamic
system, as per Fig. 7b and Table 2;

e structure S with no added viscous dampers (and null internal damping), referred to as S-UND dynamic
system, as per Fig. 17b;

e indirect implementation of the MPD system. The indirect implementation is obtained placing the same
dampers of the R-MPD dynamic system between the corresponding storey of structure R and structure S,
as per Fig. 18 and Table 2. This dynamic system will be referred to as RS-MPD-I dynamic system. The
response of structure R is referred to as the response of R-MPD-I dynamic system and the response of
structure S is referred to as the response of S-MPD-I dynamic system.
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Fig. 23. Profiles of response ratio averages: (—V—) tig mpp.1 for Ss, (—A—) ug.mpp.g for Se, (—<—) pigmpp-r for S7, (—O—) pg mppot
for Sg, as computed for structure S.
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Fig. 24. Profiles of response ratio averages: (—V—) tig_ppp-1 for So, (—A—) tig mpp-1 for Sy, (—<C—) us mpp-g for Si1, (—O—) us mpp-1
for S1,, as computed for structure S.

Note that, due to the equal “total size” constraint and the properties of the structure, each damper of the
ensemble of 6 dampers inserted in the R-SPD, R-MPD and RS-MPD-I dynamic systems is characterised by a
damping coefficient ¢; equal to ¢/6 = 1.5 x 10°N x s/m.

The response of the above dynamic systems is numerically computed under the effects of 40 historically
recorded earthquake ground motions. Out of these, 30 are far-field records and 10 near-field records; all
records are scaled to the same PGA value of 0.3g.

For structure R, for each earthquake, taking as reference the maximum shear developed by the R-SPD
dynamic system at each ith storey, the following storey response ratios can be computed:

(Vmax 7i)R7UND (32)

(ri)r- =
R-UND (Vmax 71') R-SPD
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Fig. 25. Profiles of the coefficient of variation of the response ratio averages: (—V—) covr-mpp-1 for Sj, (—A—) covr-mpp-1 for Ss,
(—<C—) covrmpp for Sz, (—O—) covromppa for Sy, (—@—, green) covgr ynp, and (—@—, blue) covr mpp, as computed for

structure R.
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Fig. 26. Profiles of the coefficient of variation of the response ratio averages: (—V—) covr-mpp-1 for Ss, (—A—) covg-mpp.1 for Se,
(—<C—) covromppa for S7, (—O—) covrompp.r for Sz, (—@—, green) covr_ynp, and (—@—, blue) covr mpp, as computed for

structure R.

(Vmax —i)R-MPD
e =, 33
(ri)r-mipD (¥ max—1)r-spD h
(r)r-mpD1 = M, .

( Vmax ﬂ')R—SPD

where (Vmax —i)r-unDs (Vmax —)r-spDs (Vmax —)r-mpp 04 (Vmax —i))r-mpp-r denote the maximum shear at the
ith storey developed, respectively, by the R-UND, R-SPD, R-MPD and R-MPD-I dynamic systems.
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Fig. 27. Profiles of the coefficient of variation of the response ratio averages: (—V—) covr-mpp-1 for Sy, (—A—) covg-mpp.1 for Sy,
(—<—) covromppar for Syp, (—O—) covr-mpp1 for S, (—@—, green) covr-unp, and (—@—, blue) covg-mpp, as computed for

structure R.
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Fig. 28. Profiles of the coefficient of variation of the response ratio averages: (—V—) covs.mpp-1 for S;, (—A—) covs.mpp-1 for Ss,
(—0—) covs.mpp-1 for S5 and (—O—) covs.mpp. for Sy, as computed for structure S.

For structure S, for each earthquake, taking as reference the maximum shear developed by the S-UND
dynamic system at each ith storey, the following storey response ratio can be computed:

( Vmax 7i)S—MPDfI (35)

E)

(ri)s-mpD-1 (Vmax —1)s.UND
where (Vmax —i)s.unp and (Vmax —i)s.mpp-; denote the maximum shear at the ith storey developed, respectively,
by the S-UND and S-MPD-I dynamic systems.

The means of the response ratios given by Eqs. (32)—(35), for all 40 earthquakes considered, are referred to,
respectively, as Ur_unps Ur-MPD> “r-MpD-1 a1d g mpp-1- The coefficients of variations of the response ratios
given by Eqgs. (32)—(35), for all 40 earthquakes considered, are referred to, respectively, as covr_unp,
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Fig. 29. Profiles of the coefficient of variation of the response ratio averages: (—V—) covs.mpp.1 for Ss, (—A—) covs.mpp for Sg,
(—O—) covs.mpp-1 for S7 and (—O—) covs.mpp-1 for Sg, as computed for structure S.
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Fig. 30. Profiles of the coefficient of variation of the response ratio averages: (—V—) covs.mpp-1 for So, (—A—) covs-mpp-1 for S,
(—O®—) covs.mpp.1 for i1 and (—O—) covs.mpp.1 for S, as computed for structure S.

COVR-MPD, COVR-MPD-1 and covs.mpp-1. In general, pz and covg will be, respectively, used to indicate the means
and the coefficients of variation of a generic response ratio given by Eqs. (32)—(34).

The plots of ur_ \pp.; @s obtained for the case of structures Sy, S>, S3 and S, used as support structures in
the RS-MPD-I dynamic system (all characterised by p,, = 0.75) are represented in Fig. 19, which also plots
Ur-unp and pug_vpp as reference values. Inspection of Fig. 19 indicates that, for the dynamic system composed
of the reference structure R and the support structure S; (characterised by p, =2), the indirect
implementation of the MPD system leads to a response ratio average pp which is smaller (—50% to
—70%) than that of the R-UND dynamic system, but still larger (+60% to +100%) than that of the R-SPD
dynamic system. On the other hand, for the dynamic systems composed of the reference structure R and the
support structures S,, S3 and S; (characterised, respectively, by p, =5, 10 and 20), the indirect
implementation of the MPD system leads to a response ratio average uz which is smaller than that of the
R-SPD dynamic system. Note that for the dynamic system which uses S, as support structure, pug_ppp.; 1S
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Fig. 31. (a) Frame structure F and lateral-resisting element L. (b) FL structural system.

Table 4
Values of p,,,, pr and p; = T /T for case 2

Pin Pr pr
Ly 0.02 5 0.063
L, 0.02 10 0.045
Ls 0.02 20 0.032
Ly 0.02 50 0.020
Ls 0.05 5 0.100
L 0.05 10 0.071
Ly 0.05 20 0.050
Lg 0.05 50 0.032
Lo 0.10 5 0.141
Ly 0.10 10 0.100
Ly 0.10 20 0.071
Ly, 0.10 50 0.045

a b C
axially inextensible axially inextensible
F / L F ¢ L

N /

Cs

Cy

C3

G

¢

C(] /
Cs

¢y
C3

C2

¢

L F
RN

Cs

Cy

C3

C2

(9]

N \

N

N

Fig. 32. (a) FL-SPD dynamic system. (b) FL-MPD dynamic system. (¢) FL-MPD-I dynamic system.

comparable to ugp_vpp- In summary, these results indicate that, for systems characterised by p,, = 0.75, the

indirect implementation of the MPD system:

e allows to obtain a seismic response of the reference structure R which is smaller than that of the same
structure equipped with the SPD system, for structures characterised by a stiffness ratio p; larger than 5;
o allows to obtain a seismic response of the reference structure R which is similar to that of the same structure

equipped with the MPD system, for structures characterised by a stiffness ratio p, larger than 20.
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The plots of ur_mpp.1» as obtained for the case of structures Ss, Sg, S7 and Sg used as support structures in
the RS-MPD-I dynamic system (all characterised by p,, = 1.00), ur_ynp and pg_vpp are not reported here for
sake of conciseness but are available in the online version of this article as Electronic Fig. 20. Inspection of
these plots indicates that, for the dynamic system composed of the reference structure R and the support
structure Ss (characterised by p, = 2), the indirect implementation of the MPD system leads to a response
ratio average up which is smaller (—35% to —65%) than that of the R-UND dynamic system, but
substantially larger (+80% to +150%) than that of the R-SPD dynamic system. For the dynamic system
composed of the reference structure R and the support structure Sg (characterised by p, = 5), the indirect
implementation of the MPD system leads to a response ratio average up which is similar to that of the R-SPD
dynamic system. On the other hand, for the dynamic systems composed of the reference structure R and the
support structures S7 and Sg (characterised, respectively, by p, = 10 and 20), the indirect implementation of
MPD system leads to a response ratio average uz which is smaller than that of the R-SPD dynamic system.
Note that, as in the above previous case, for the dynamic system which uses Sg as support structure, (g ympp-1
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is comparable to pp_ypp- In summary, these results indicate that, for systems characterised by p,, = 1.00, the
indirect implementation of the MPD system:

e allows to obtain a seismic response of the reference structure R which is smaller than that of the same
structure equipped with the SPD system, for structures characterised by a stiffness ratio p, larger than 10;

@ allows to obtain a seismic response of the reference structure R which is similar to that of the same structure
equipped with the MPD system, for structures characterised by a stiffness ratio p, larger than 20.

The plots of ur_ppp.1» as obtained for the case of structures Sy, Syg, S1; and S;, used as support structures in
the RS-MPD-I dynamic system (all characterised by p,, = 1.50), ur_-ynp and pr_mpp are not reported here for
sake of conciseness but are available in the online version of this article as Electronic Fig. 21. Inspection of
these plots indicates that the dynamic systems composed of the reference structure R and the support
structures Sy and S}, (characterised, respectively, by p, = 2 and 5), the indirect implementation of the MPD
system leads to a response ratio average py which is smaller than that of the R-UND dynamic system, but
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substantially larger than that of the R-SPD dynamic system. On the other hand, for the dynamic systems
composed of the reference structure R and the support structures Sy; and Sy, (characterised, respectively, by
p, = 10 and 20), the indirect implementation of the MPD system leads to a response ratio average pz which is
smaller than that of the R-SPD dynamic system. Also in this case, for the dynamic system which uses S;, as
support structure, pup_ ppp.p 1S comparable to ug ypp- In summary, these results indicate that, for systems

characterised by p,, = 1.50, the indirect implementation of the MPD system:

e allows to obtain a seismic response of the reference structure R which is smaller than that of the same
structure equipped with the SPD system, for structures characterised by a stiffness ratio p, larger than 10;

e allows to obtain a seismic response of the reference structure R which is similar to that of the same structure
equipped with the MPD system, for structures characterised by a stiffness ratio p; larger than 20.

Inspection of Figs. 19-21 indicate that, in all three cases considered (p,, = 0.75, 1.00 and 1.50), when p,,, is
kept constant, with the increase of p,, the vibration reduction effect gets better and better. This could be

reasonably expected given that:
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e when p, tends to zero, the structure R of Fig. 18 tends to an undamped dynamic system;

e when p, tends to infinity, the structure R of Fig. 18 tends to a dynamic system characterised by an exact
MPD matrix (MPD system obtained with the FP-placement represented in Fig. 12¢);

e systems characterised by an exact MPD matrix, as recalled in Section 4, provide higher dissipative efficiency
than systems characterised by an SPD matrix.

Fig. 22 plots for each storey ug ypp-; s obtained for the case of structures S, S», S5 and S4 used as support
structures in the RS-MPD-I dynamic system. Fig. 23 (not reported here but available in the online version of
this article) plots for each storey ug yppp.; @s obtained for the case of structures Ss, Sg, S7 and Sg used as
support structures in the RS-MPD-I dynamic system. Fig. 24 (not reported here but available in the online
version of this article) plots for each storey g \pp. @s obtained for the case of structures Sy, Syo, S11 and Sy,
used as support structures in the RS-MPD-I dynamic system.
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Inspection of Figs. 22-24 indicates that, for all dynamic systems considered, the indirect implementation of
the MPD system leads to response ratio averages ug ypp-; Which are smaller than unity. This means that, as far
as the support structure S is concerned, the indirect implementation of the MPD system leads to an
improvement of its seismic response (with respect to that of the S-UND dynamic system).

The coefficients of variation of the response ratios for both R and S structures result to be within the range
0.4-0.8, as illustrated in Figs. 25-30 (Figs. 26, 27, 29 and 30 are not reported here but are available in the
online version of this article).

To sum up, taking into account both the results obtained for the mean and the coefficients of variations of
the response ratios, it can be deduced that, for adjacent structures characterised by similar masses (p,, in the
range of 0.75-1.50):

e in order to obtain a reduction of the seismic response of the reference structure through the indirect
implementation of the MPD system which is superior to that obtainable through the implementation of the
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equal “total size” SPD system, it is necessary that the support structure be characterised by lateral stiffness
which is, at least, roughly 10 times larger than that of the reference structure (which may prove to be an
unlikely condition);

e the support structures benefit in most cases by the introduction of an indirect MPD system.

7.2. Insertion of dampers between a frame structure and a very stiff lateral-resisting element (case 2)

Let us now consider the frame structure (denoted as F) and the lateral-resisting element (denoted as L)
represented in Fig. 31a, both characterised by the same total number of storeys. By rigidly connecting F and L
at each storey leads to the structural system represented in Fig. 31b (denoted as FL structural system). The FL
structural system is representative of the common structural system in which a frame structure characterised
by a relatively small lateral stiffness (typically nonmoment-resisting frame) is laterally supported by a very stiff
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lateral-resisting element (such as shear wall, concrete core, bracing system, etc.). The frame structure F
considered in this illustrative example is the 6-storey shear-type structure described in Section 4 (characterised
by floor masses m; = m, Vi, and storey lateral stiffnesses k; = k, Vi). Twelve different lateral-resisting elements
L are considered in this illustrative example, each one characterised by

e floor masses my equal to myp = p,,m,
e storey lateral stiffnesses k. equal to kr = pik

where p,, and p, are given in Table 4. For sake of completeness, Table 4 also gives the ratio, p;, between the
fundamental period, T 1, of each lateral-resisting element L and the fundamental period, T’ r, of the frame
structure F.



520 T. Trombetti, S. Silvestri | Journal of Sound and Vibration 302 (2007) 486-526

a b

6 6
5 5
4 4 fo v
& ) -;
) S
2] »
3 3 g ha
2 2 b
1 1 Laa
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Hey» Mg *Op - My 16840, Hpy » M ¥ O o M ¥1640,
C d
6 " 6
5 5 |- S
4 4 +
3 &
S S
2 @
3 3| A 4
2 Aa 2
1 Ll ! 1 l ! ! ! !
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Hey» Mg *Op s g 16407 Hpy » Mgy %0 gy +1840,

Fig. 40. Profiles of up; ympp.; (black continuous line), pg vpp.y + 0rL-mpp-1 (black dashed line) and pgy yvpp.g + 1.640F-mpp-1 (black
dotted line): (a) Ls, (b) Lg, (¢) L7 and (d) Lg.

The parametric study is carried out for the following dynamic systems (structures+equal “total size”
ensemble of additional dampers):

o structural system FL with no added viscous dampers (and null internal damping), referred to as FL-UND
dynamic system, as per Fig. 31b;

e structural system FL with the F structure equipped with SPD system, referred to as FL-SPD dynamic
system, as per Fig. 32a and Table 2;

o structural system FL with the F structure equipped with MPD system (direct implementation), referred to
as FL-MPD dynamic system, as per Fig. 32b and Table 2;

e indirect implementation of the MPD system. The indirect implementation is obtained placing the
same dampers of the FL-MPD dynamic system between the corresponding storey of structure F and

structure L, as per Fig. 32c and Table 2. This dynamic system will be referred to as FL-MPD-I dynamic
system.
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Note that, due to the equal “total size” constraint and the properties of the structure, each damper of the
ensemble of 6 dampers inserted in the FL-SPD, FL-MPD and FL-MPD-I dynamic systems is characterised by
a damping coefficient ¢; equal to ¢/6 = 1.5 x 10° N's/m.

The response of the above dynamic systems is numerically computed under the effects of 40 historically
recorded earthquake ground motions. Out of these, 30 are far-field records and 10 near-field records; all are
scaled to the same PGA value of 0.3g.

For each earthquake, taking as reference the maximum shear developed by the FL-SPD dynamic system at
each ith storey, the following storey response ratios can be computed:

(Vmax —i)FL-UND

(rrL-unp = ’ "
VEL-UND = (o DFL.SPD
(Vmax —i)FL-
et agpp = Comax—ELAPD (37)
(V max —)FL-SPD
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Vmax ~DpLmpp1 (38)

>

(F)FL-MPD-1 (Vmax —)FLSPD
where (Vmax—i)rL-unps (Vmax —)rL-spps (Vmax—1)rr-mpp and (Vmax —i)rr-mpp.1 denote the maximum shear at
the ith storey developed, respectively, by the FL-UND, FL-SPD, FL-MPD and FL-MPD-I dynamic systems.

The means of the response ratios given by Egs. (36)—(38), for all 40 earthquakes considered, are referred to,
respectively, as fp; _unp»> UrL-mpp and U mpp-p- The coefficients of variation of the response ratios given by
Eqgs. (36)—(38), for all 40 earthquakes considered, are referred to, respectively, as covgL -unp, COVEL-Mpp and
covpL-mpp-1. The standard deviations of the response ratios given by Eq. (38), for all 40 earthquakes
considered, are referred to as orL-mpD-1-

Figs. 33-35 (Figs. 34 and 35 only available in the online version of this article) show the results (in terms of
UFL-UND> MFL-MpD and ug mpp-1) obtained, respectively: in the case of lateral-resisting elements Ly, L,, L; and
L4, in the case of lateral-resisting elements Ls, Lg, L7 and Lg, and in the case of lateral-resisting elements Lo,
Ly, L1 and Li,. Figs. 36-38 (Figs. 37 and 38 only available in the online version of this article) show the
results (in terms of covgL.ynp, COVEL-mpp and covgp mpp.1) obtained, respectively: in the case of lateral-
resisting elements L;, L,, L3 and Ly, in the case of lateral-resisting elements Ls, Lg, L7 and Lg, and in the case
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of lateral-resisting elements Lo, Lo, L1; and Li,. Figs. 3941 (Figs. 40 and 41 only available in the online
version of this article) show the results (in terms of tpr mppors MrL-mpb-1 + OFL-MpD-1 and Upr vppor+
1.640p Mmpp-1) Obtained, respectively: in the case of lateral-resisting elements L;, L,, L3 and Ly, in the case of
lateral-resisting elements Ls, Lg, L; and Lg, and in the case of lateral-resisting elements Lo, Lo, Li; and L,.

Inspection of Figs. 33-35 shows that, for all dynamic systems considered, ug; ppp.g 1S always substantially
smaller than unity and, in most cases, very close to ug;_ppp- The coefficients of variation of the response ratios
are within the range of 0.2-0.6 for all dynamic systems considered, as given in Figs. 36-38. Figs. 39-41 show
that, in all cases, ppr_mpp.r + 1.640rL-mppo1 18 smaller than unity, thus indicating that, in a statistical
interpretation of the results obtained, the probability that (¥ max—i)prmpp.g 18 larger than (Vmax —i)pr_spp 18
very low (less than 5%). It is worth noting that, in the numerical analyses carried out, for all earthquakes and
all dynamic systems considered, at each storey, (Vmax—i)pi-mpp.g turns out to be always smaller than
(Vrnax —i)FL—SPD'

Figs. 42—44 (Figs. 43 and 44 only available in the online version of this article) plot the response ratio at the
base, (r1)pr-mpp-1» @5 @ function of the maximum base shear of the FL-SPD dynamic system, (¥ max—1)r1-spD>
as well as the least square fit regression line of the data (together with the 50% confidence bounds). Note that,
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in all cases, the angular coefficient of the regression line is negative, thus indicating that the response ratio
(r1)pL-mpp.1 decreases with increasing of the total demand imposed by the seismic input upon the structure.

To sum up, the results indicate that the indirect implementation of the MPD system leads to a damping
efficiency which is (i) always larger than that provided by the implementation of the equal “total size”” SPD
system (with the difference between the efficiencies of the two systems becoming larger and larger as the effects
of the earthquakes upon the structures become higher and higher) and (ii) very similar to (and, in some cases,
larger than) that provided by the direct implementation of the MPD system. This result opens the grounds for
a new conceptual design strategy: insertion of dampers between frames and lateral-resisting elements. An
illustrative example of such application is provided in a previous work by the authors [12].

8. Conclusions
This paper firstly recalls the fundamental properties of shear-type (either mechanical or structural) systems

characterised by a damping matrix proportional to the mass matrix (MPD) pointing out how these systems:
(a) display superior dissipative capacities (w.r.t. other systems which satisfy the here defined equal “‘total size”
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constraint) and (b) are made up of dampers which connect each mass to a fixed point and are sized
proportionally to the corresponding mass.

Secondly, this paper investigates how such MPD systems can be obtained in actual civil building structures
through the use of additional (manufactured) viscous dampers. Two ways of implementing MPD systems are
herein identified: direct and indirect implementation. In the direct implementation of MPD systems dampers
connect each floor to the ground: this requires the use of bracing systems of large size (with all the issues
relative to the buckling phenomena). Nonetheless, few examples of application of such large-sized damper-
equipped bracing systems have been recently realised (even though not following an exact MPD system) and
are reported herein. In the indirect implementation of MPD systems dampers are placed between two adjacent
structures (a reference structure and a ““support” structure). Depending on the type of the “‘support’ structure,
two cases can be envisaged for this solution: (case 1) insertion of dampers between two adjacent structures
characterised by different dynamic properties and (case 2) insertion of dampers between a frame structure and
a very stiff lateral-resisting element often present in building structures designed for seismic areas. The
parametric studies developed by the authors and here presented indicate that, for case 1, indirect
implementation of MPD systems provides a good damping efficiency only if the two adjacent structures
are characterised by very different dynamic properties. On the other hand, for case 2, results indicate that, for
common building structures, in most cases, indirect implementation of MPD systems leads to good dissipative
properties (very similar to those offered by direct implementation of MPD systems). This last result opens new
ground for a novel way (between the frames and the lateral-resisting elements) for “optimal’ insertion of
viscous dampers in building structures.

The findings, even though obtained with specific reference to coupled shear-type structural systems, may
give useful insight also into the effective addition of viscous dampers in coupled shear-type mechanical
systems.
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