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Abstract

Background Facade technologies are in continuous evolution and the idea to realize buildings equipped with cladding sys-
tems capable to undergo significant displacements relatively to the main structure has been considered by many authors as
an opportunity to improve their vibration performances.

Method From a structural dynamics viewpoint, a building with a monolithic Moving Facade is essentially the same thing
as a building with a Tuned Mass Damper. However, in the presence of excitations directly acting on the external surface
of the building, there may be significant diferences of behavior. In this work, a first step towards a systematic comparison
between the performances of buildings with Moving Facades and Tuned Mass Dampers is carried out in the simplest setting
of 2 degrees of freedom modeling and harmonic excitation.

Results Despite the deceptive simplicity of the setting, some of the aspects related to the potential applicability of mov-
ing facades to vibration damping and the correlated limitations are discussed and critically analyzed. The analyses show
that, depending on the tuning of the system, monolithic Moving Facades could effectively act as vibration absorbers with
a potentially high efficiency. However, it turns out that good performances could be realized at the price of extremely large
displacements of the facade. The possibility to pursue potential applications of this type of systems seems therefore to be

subordinated to the search of solutions to limit such displacements within functionally acceptable ranges.

Keywords Double-skin fagades - Moving facades - Cladding systems - Vibration damping - Tuned mass dampers

Introduction

Modern buildings are conceived as systems capable to per-
form complex functions that require them to comply with
articulated and stringent requirements.

With the emergence of energy-consumption reduction as
a major national concern, the search for better approaches
and strategies in ameliorating energy efficiency of buildings
is rapidly increasing [1]. One of the most important methods
of saving energy in a building is by carefully designing its
facade [2]. For this reason, innovative building facade con-
cepts are becoming more and more relevant. An advanced
cladding system should, therefore, allow for a comfortable
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indoor climate, sound protection and good lighting, while
minimizing the demand for auxiliary energy input [3, 4].

In this context, Double-Skin Fagades (DSF) systems offer
great potentialities and are becoming increasingly popular
among architects and engineers. A DSF is a system consist-
ing of two glass skins detailed in such a way to create an air
layer around the building. When properly designed in terms
of size and ventilation, the air cavity can act as a thermal
buffer capable to reduce problems such as undesired heat
gain during the heating season and heat loss during the cool-
ing season [5]. For the above reasons, the level of interest in
DSF has grown rapidly over the last years as one of the best
options in managing the interaction between the outdoors
and the internal spaces while providing architectural flex-
ibility to the design, especially in office buildings.

A further aspect related to the engineering and technology
of cladding systems is related to the more stringent require-
ments that tall buildings are deemed to satisfy in terms of
resistance to exceptional actions like blasts or impacts. Also
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in this context, the design of facades plays a crucial role to
improve the general building performances [6].

In the past, facades were passive systems rigidly fixed to
the structure and designed to shape the architectural appear-
ance of the building and act as a barrier against climatic
actions. The only displacements allowed were those needed
to accommodate thermal expansion and local deformations
due to gravity and wind actions. In the current practice,
facade technology might be considered mature enough to
cope with adaptive envelopes capable to interact with the
environment and adapt their behavior to the outdoor climate,
user needs or environmental actions [7]. Therefore, the pos-
sibility of cladding systems undergoing displacements rela-
tive to the main structure through suitable sliding connec-
tions can be considered as technically feasible.

The idea to exploit cladding displacements to improve
building performances with respect to blasts and extreme
seismic excitations goes back at least to [13] and led several
authors to evaluate the possibility to design moving connec-
tions with relevant energy-dissipation capabilities (see, e.g.,
[14, 15] among many others).

In the context of buildings with DSF, Moon [8] proposed
to exploit relative displacement between the fagade and the
main structure to improve the dynamical behavior of tall
buildings subject to wind actions. This idea has then been
further explored in [9—12]. In this concept, the mass of the
facade is used to reduce vibrations of the main structure in
a way conceptually similar to tuned mass dampers (TMD)
but without the need to endow the building with additional
mass and with the advantage of saving useful space for the
allocation of vibration damping devices.

From a structural dynamics point of view, a building
endowed with a monolithic moving facade (MF) is simi-
lar to a building equipped with a TMD. When the struc-
ture is subjected to excitations like base motion, there is
no conceptual difference. However, in the presence of wind
actions or any other action that can be modeled by means
of forces acting on the external surface of the building, the
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excitation is applied on the secondary mass instead of the
main one. Therefore, the equations of motions of a build-
ing with MF or TMD are essentially the same, except for
a different excitation. In spite of the substantial equality of
the governing equations, the resulting behavior of the two
systems may be rather different. The dynamical behavior of
buildings with TMD is very well known since the 1960s and
its main features are reported in virtually any textbook on
structural dynamics. On the contrary, the behavior of build-
ings with MF did not receive similar attention, evidently due
to the lack of potential applications. However, in view of
the above-described recent progresses in facade engineering
technology, it may be interesting to investigate the dynami-
cal performances of buildings with MF subject to external
forcing.

In the following, a first step in this direction is carried out
by means of a systematic comparison between the vibration
damping performances of buildings endowed with MF and
TMD in the simplest setting of 2 d.o.f. models under har-
monic excitation.

Basic Modeling of MF and TMD

Moving facades (MF) could be realized in various ways
depending on the geometry of the building, by dividing in
a suitable way the cladding surface. In the context of a first
approximation modeling, the deformability of the moving
blocks can be neglected and a building with a MF can be
described by a multi d.o.f. oscillator, with a degree of free-
dom for each moving block. This can be seen in analogy
with the difference between a basic Tuned Mass Damper
(TMD) and multiple-TMD. Accordingly, the simplest model
of a building equipped either with a monolithic MF or a
standard TMD is a system composed by two masses m, and
m, representing, respectively, the main structure and the
secondary mass, connected by springs of stiffnesses k|, k,
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and viscous dashpots ¢y, ¢,, as shown in Fig. 1. Equations of
motions can then be written in the form:

{ myx; + (c) + ¢k — ey + (k) + ky)x; — kyx, = f) 0
MyXy — CoXy + CoXg — kx| + kyXy = f ’
where x, and x, are the displacements of the two masses
relative to the ground and f;, f, forcing excitations on each
degree of freedom. Clearly, when f, = 0, the system is a
model for a standard TMD; whereas if f; = 0, it reduces to
a model of a building with MF. Focusing attention on the
response to harmonic excitation, it is useful to express it in
complex form using a sans-serif font to distinguish complex
from real numbers.

f, = F e

fy = Fyei
where ¥, , denote phase angles which describe the phase
shifts between excitation and response.

Even if the solution of this system is very well known,

its main aspects are recalled below to fix notation. Upon
introduction of the standard notations

with  F, := Fe

F, := Fyei2”’ @

k k c c
R B 2 £ = 1 g = 2

2m,w,

] i= 5 =3 s
my my M),

the mass, natural frequency and forcing frequency ratios are
defined as follows

ui=— fi=—= p:i=—. 3)

Natural frequency and mass ratios together determine the
stiffness ratio via

= = uf’. )

To evaluate the performances of the systems, it is useful to
express the motion of secondary mass relatively to the main
structure by introducing the variables

M2:=.XZ_.X] Lt] Z=x].

So that system (1) can be rewritten in the form

" . : i
ity + 20 (&1t — uf&ity) + (@) uy — pf?uy) = w%k—l
1
- . f;
ity + ity + Qo fE)ity + (@2 fPu, = aﬁﬂ—;
1
&)
Assuming harmonic response
ul = UleiQt 6
Uy = Uyei® ” (6)

substitution of (2) and (6) in (5) yields the following equa-
tions in the complex amplitudes of the response
1
Z U +2Z,,U, = k_Fl
T @)

Z,,U +7Z,,U, = _sz
MKy

where

Z,, =[1-p 1+ i2p¢)]
Z,, = [—uf?] +il-2uf p&,]
Zy, = [—p%] ’
Zy, =1 = 1+ il20f8,]

Solving the system (7), complex amplitudes can be written
in the following form which emphasizes the contributions
of the parts relevant to TMD and MF in terms of the cor-
responding transfer functions

U, = HTMPF 4 HMFF,
TMD MF . (8)
U, = HIMPF, 4 HMFF,

Each one of the four functions H can be seen as a special

case of the formula

_ [-Byp* + Byl + i[B, p]

H:= - o
Cy +iC,

) C))

where the coefficients of the denominator are common to
all cases

Cy 1= Ayp* = Ayp® + A

Cy 1= ~A30° +Ap ’ (19)
with

Ay =12

Ap =28 + &)

Ay =1+ (1 + f? + 485, 11
Az =28 + (L + u)féy)

Ay =1

whereas, the coefficients of the numerator take different
expressions in the four cases

TMD TMD MF MF
Hl H2 Hl HZ
B, 70 w1
B, A6 0 2uféy 26,
B, 1 1 0 1 (12)
1 1 1 1
a — — — —
k, k, uk,  pk,

Substituting (8) into (6), the response to harmonic excitation
can be written in the form
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F, . F, .
1 TMD 2 MF
u, = H”IFMD_ @y +51MP) | ME _2 i Qt+y+5)T)
k 1
’
1 ; TMD 2 MF
uy = HZTMD_ @y +5TMP) | MF _2 i Qt+y+8))
k, 2 k,

where 6, , denote phase angles.
In terms of the respective amplification factors, one has

4 2 2 2 4
v +2/°28 - Dp* +f FIMD < p*
: G+ T C+C¥

and

HMF (F2u)* + (2f up&,)?
| 2 2
H*(Cy + C))

pH+2028 -1+ 1
pACEHCYH

MF . _
HYF =

Vibration Damping Performance Indicators

In general, the vibration amplitude of the main structure
endowed with the secondary mass may be either bigger or
smaller than the corresponding response of the bare main
structure, which is given by

1
VI =77+ 2y
It is then useful to define a numerical indicator of the effi-

ciency of the vibration damping of the added mass by means
of the quantities

H(p) :=

H(p) — H{M"(p)

TMD .
ME(y H(p) — HY¥(p)
TE T HG)

Of course, if 7(p) > 0 the secondary mass acts as vibration
damper for the main structure, whereas negative values of
n(p) indicate that the added mass acts as a vibration ampli-
fier for the structure. The efficiency is not a constant, as the
same secondary mass may act either as a vibration damper
or amplifier depending on the excitation frequency. The fre-
quency region where the secondary mass actually reduces
vibrations of the main structure will be called vibration
damping range (VDR). Similar indicators shall be defined in
terms of other relevant response quantities like, for example,
floor acceleration and interstory drifts; however, attention
in the following will be restricted to response in terms of
displacements.
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Tuning Ranges

The response of the system exhibits qualitatively different
types of behavior depending on the frequency ratio f defined
in (3) which determines the tuning between the natural fre-
quencies of the independent vibrations of the two masses. To
discuss such differences, it is useful to broadly distinguish
three tuning ranges:

e tuned systems for values of f close to 1 the peaks in the
transfer functions are close to each other. In this situation,
the stiffness ratio o is numerically close to the mass ratio
M

e undertuned systems for lower values f < 1the resonance
of the secondary mass takes place at lower frequencies
than the main one. For fixed mass ratio, undertuning is
obtained by means of softer connections;

e overtuned systems for higher values f > 1, the resonance
of the secondary mass takes place at higher frequencies
than the main one. For fixed mass ratio, overtuning is
obtained by means of stiffer connections.

Clearly, the same tuning level can be realized with differ-
ent combinations of the mass and stiffness ratios which are
related according to (4). For a given tuning, the response of
the system is influenced by the damping ratios of both the
main structure and the connections.

Tuned Systems

It is well known that for structures equipped with TMD and
values of f close to 1, it is possible to activate a transfer
of kinetic energy from the main structure to the second-
ary mass. Owing to this energy exchange, the TMD acts as
an high efficiency vibration damper in a frequency interval
centered about p = 1.

Figure 2a, b shows the transfer function H, for f =1
and various values of the mass ratio (with &, = 0.03 and
&, = 0.10) superposed to the corresponding response of
main structure without additional masses, plotted in red.
Positive efficiency arises when the curve H, is below the
red one. In the figure, a yellow colour highlights the region
where the secondary mass acts as a vibration damper. Effi-
ciency of TMD depends on the mass ratio and on the damp-
ing ratios &, and &, and there are various ways to optimize its
performances [16]. For the chosen values of the parameters,
the VDR extends approximately between 0.9 and 1.1 with
a peak in efficiency of about 0.9 which increases with the
mass ratio (Fig. 2c).
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Under the same conditions, a tuned MF shows a lower
efficiency near p = 1 but tends to reduce systematically
higher-frequency oscillations (Fig. 2d).

Figure 3 displays the amplification of the secondary mass
in both the TMD (a) and MF(b) system under the same con-
ditions as in Fig. 2. This shows that the displacement of the
facade tends to be significantly bigger than the one of the
mass in the TMD system, except in a narrow interval around
p = land this effects strongly increases for lower mass ratios
(blue curves).

Undertuned Systems

Decreasing the tuning ratio f at fixed mass ratio u corre-
sponds to realize more flexible connections between the two
masses.

In such conditions, the response of TMD and MF systems
becomes significantly different.

As shown in Fig. 4, when the elastic coupling between
the masses decreases (blue curves), the TMD progressively

Excitation Frequency p

looses almost all of its vibration damping efficiency
(Fig. 4c); whereas, on the contrary, MF gains a very
high efficiency over a broad excitation frequency range
(Fig. 4d). In Fig. 4a, b blue dots indicate the points where
the amplification function H, intersects the red curve rep-
resenting the main structure with no masses, hence defin-
ing the boundary of the VDR. The phenomenon is easily
understandable by thinking that, for weaker and weaker
couplings, the kinetic energy tends to remain on the mass
where excitation is applied. Therefore, oscillations tend to
localize in the main mass for the TMD and in the facade
for MF systems.

Figure 5 describes in more detail the case of f = 0.4 for
various mass ratios and shows that, for this case of buildings
with softer connections, a MF system is capable to realize
excellent vibration damping performances for excitation fre-
quencies close to p = 1 (Fig. 5d), even better than the cor-
responding performances provided by the TMD in the case
of f = 1. This effect turns out to be essentially independent
of the mass ratio and is still more pronounced by further
decreases of f.
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On the other hand, a TMD system with softer connections
between the masses has the property that the main structure
oscillates essentially in the same way as if it was not con-
nected to the secondary mass.

Fig.4 Transfer functions H,

The localization of the oscillations in the secondary mass
of a MF system with softer connections has a strong effect in
the vibration damping efficiency but takes places at the price
of higher displacements of the secondary mass.
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Figure 6 shows the transfer functions H, for f = 0.4
in both TMD (a) and MF (b) systems for various values
of the mass ratio. It is evident that displacements of the
secondary mass becomes extremely large at lower excita-
tion frequencies. However, if attention is focused on the
region p € [0.8,0.10] (Fig. 6b) where vibration efficiency is
still good, the values of the amplification of the secondary
mass are still large, but are of the same order of magnitude
of the corresponding values realized by the TMD for f = 1
(this can be seen by comparing the zoom in the plot in
Fig. 6b with the plot of Fig. 3a).

The above analyses show that, in general, the displace-
ments of the secondary mass in a MF system strongly
increase for lower mass ratios and conversely. A similar
effect is produced by a variation of the damping in the con-
nections, namely an increase of the damping reduces the
displacements of the secondary mass.

Overtuned Systems

Increasing the tuning ratio f at fixed mass ratio u corresponds
to realize stiffer connections between the two masses. This
has the effect of shifting the second peak in the resonance
curve towards higher and higher frequencies.

In this case, for both TMD and MF systems, the vibra-
tion damping efficiency in the proximity of p = 1decreases,
being replaced by an effect of filtering high-frequency
excitations.

Figure 7 shows the variation of the performances of
both systems for tuning ratios increasing from f = 1.0 up
to f = 3.0 at fixed mass ratio. This shows that for TMD,
the damping of higher frequencies is lower than 0.20 and
ends above values of p = 3 (Fig. 7c). On the other hand, the
MF systems show an almost complete damping of higher
frequencies without upper limits (Fig. 7d).

Figure 8 focuses attention on the case of f = 1.6 for vari-
ous mass ratios. In such conditions, the TMD still retains
a vibration damping efficiency in a neighborhood of p = 1
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30 L 30
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and various mass ratios s 5 0 ]
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Fig. 9 Amplification factors H, 40 40
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(Fig. 8c) which, however, is lost for higher frequencies.
On the contrary, this MF system with stiffer connections
has very little efficiency close to p = 1 but has a significant
effect of filtering high-frequency excitations (Fig. 8d) and
this trend is essentially independent on the mass ratio.

Increasing the stiffness of the connections tends to reduce
the oscillations of the secondary mass for both TMD and MF
systems as a stronger elastic coupling forces the mass to stay
closer and closer. This effect is described by Fig. 9 which
shows the transfer functions H, for f = 1.6 and highlights
how the reduction of the oscillations of the secondary mass
induced by the increase of fis further amplified in presence
of higher mass ratios (red curves).

Effect of Damping of the Connections

In previous Sections, the effects of tuning and mass ratios
on the response of both systems have been discussed, while
keeping constant the value of the damping of both the con-
nection and the main structure. While the damping of the

3 4 0 1 2 3 4
Excitation Frequency p

main structure is a peculiarity of the building under consid-
eration, the damping of the connection should be considered
as a design variable. The effect of damping in TMD systems
is well known. On the other hand, concerning MF systems, it
is desirable to endow the connection with enhanced dissipa-
tive features. Various types of devices can be conceived for
this purpose and the use of high-damping or smart materials,
like, for example, friction-based or Shape Memory Alloys
might contribute to improve the performances of the MF
systems [12, 15, 17].

Focusing attention on MF systems, the increase of damp-
ing always entails a significant reduction of the displace-
ments of the secondary structure, typically accompanied by
a slight reduction of the vibration efficiency. Figures 10 and
11 illustrate the effect of damping of the connections of a
MF system in the two cases of softer and stiffer connections
at fixed mass ratio.

Figure 10 shows the case of f = 0.4 which was consid-
ered as representative example of undertuned systems. In
this case, an increase of connection damping reduces the
displacements of the secondary mass in the region close to

Fig. 10 Effect of connection 1.0 40
damping ratio &, € [0.05,0.60]
on the performances of @ 35 (b)
undertuned MF systems with 0.8
f = 0.4 (other parameters as in E 30
Fig. 5. On the left, the vibration S S5
damping efficiency, on the = 0.6 :'::
right, transfer function H,. Blue ey 250
curves correspond to lower E) 3
damping g 04 ‘% 15
w S
<10
0.2
5
005 1 2 3 4 % 1 2 3 4

Excitation Frequency p
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Fig. 11 Effect of connection 1.0 40
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p = 1; while, it has almost no effect in the other excitation
frequency ranges.

Figure 11 shows the case of f = 1.6 which was consid-
ered as representative example of overtuned systems. In this
case, the increase of damping has a much stronger effect in
reducing the displacements of the secondary mass. In both
cases, the reduction of the displacements of the secondary
is accompanied by a reduction of the vibration damping
efficiency.

Conclusions

With the progress of the fagade technology, it is now pos-
sible to think of the possibility to realize buildings with
cladding systems capable to undergo non-negligible dis-
placements relatively to the main structure. The idea to
exploit the vibrations of the facades to improve the perfor-
mances of the building is appealing, it has been proposed
in [8] and it is currently being studied by several authors.

In this work, the performances of buildings with mono-
lithic Moving Fagades under harmonic excitations acting
on the cladding system have been studied and compared
with those of the well-known Tuned Mass Dampers. The
comparison has been carried out in terms of the parameter
n defined in (13) which turns out to be a useful numerical
indicator of the vibration damping efficiency.

The results of the comparison show that, although in the
case of tuned systems (f = 1) TMD definitely shows better
vibration damping performances, MF could be potentially
very efficient for undertuned systems (f < 0.5). However,
the good performances of this type of MF could be real-
ized only at the price of extremely large displacements of
the facade. The possibility to pursue potential applications
of this type of systems seems therefore to be subordinated
to the search of solutions to limit such displacements
within functionally acceptable ranges.

Excitation Frequency p

The results obtained in the comparison also showed that
overtuned MF systems may exhibit good performances to
isolate the building from high-frequency excitations.

The present comparison has been carried out in the sim-
plest setting of 2 d.o.f. modeling under harmonic exci-
tation focusing attention on the displacement response.
Further investigations will be carried out by considering
multi-d.o.f. models capable to describe different topologi-
cal arrangements of the cladding, more realistic excita-
tions and evaluating the vibration efficiency in terms of
other structural response parameters like interstory drifts
or floor accelerations.
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