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Abstract

Biomimetic exoskeleton structures are external self-supporting structural sys-
tems suitably connected to primary inner structures, the latter being enhanced
or protected, in a general sense, by virtue of this connection. Their potential
asset for an integrated retrofitting approach, combining structural safety and
sustainability merit, has recently drawn considerable attention. In this work, the
focus is on investigating the performance of exoskeleton structures as structural
control systems under seismic loading. The exoskeleton structure is modelled as
a dynamic system whose mass (in principle, not negligible), stiffness and damp-
ing properties can be varied and, possibly, designed with the aim of controlling
the response of the primary structure. A non-dissipative, and in particular
rigid, coupling is assumed between the primary structure and the exoskeleton
structure. A first insight into the dynamic behaviour of the coupled system is
gained in frequency domain. The dynamic equilibrium is set in non-dimensional
form and the response to harmonic base motion is analysed with varying sys-
tem parameters. Complex-valued Frequency Response Functions are used as
performance evaluators in terms of relative displacement, absolute acceleration
and transmitted force. A case study is subsequently discussed, dealing with
the seismic response of a mid-rise reinforced concrete frame, designed with non-
ductile behaviour, coupled to a steel diagrid-like lattice exoskeleton structure.

Results of the seismic analyses show that the rigid coupling to the exoskeleton
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structure allows to achieve a significant displacement and deformation control
of the primary structure, as well as important reductions of its internal forces,
in terms of both base and floor shear forces.

Keywords: structural dynamics, structural control, exoskeleton structures,

coupling, base motion, frequency response, seismic response

1. Introduction

Endowed with biomimetic meaning, the locution exoskeleton structure is
used to indicate a self-supporting structural system set outside and suitably con-
nected to a primary inner structure, the latter being enhanced or protected, in
a general sense, by virtue of this connection. Attention has been recently drawn
to the potential asset of exoskeleton structures for an integrated retrofitting ap-
proach, in which the structural safety as well as energy efficiency, environmental
sustainability and architectural quality of existing buildings are improved in a
combined and coordinated way [I 2] [3].

In earthquake-prone regions, where innovative structural control technolo-
gies are crucial to the achievement of a resilient built environment [4} [5 [6] [7],
the feasibility of exoskeleton structures for seismic protection is particularly
worthy of being investigated [8]. In the present study, the exoskeleton structure
is hence regarded as a structural control system that can be designed for the
external seismic retrofitting of a building frame structure. External structural
control systems, like reinforced concrete cores and walls [9] [I0, 1], stepping
and pinned rocking walls [12], 13 [14] and reaction towers [15] [16, [17], are con-
sidered in literature as a promising strategy due to a number of reasons: any
service or business downtime, as well as residents displacement, is kept to a min-
imum because the retrofitting process is operated from outside of the building;
interference with existing structural and nonstructural components is limited;
the possible strengthening of structural members is restricted to the ones lo-
cally interested by the connections to the external control system. A number of

specific advantages are further envisaged for exoskeleton structures: they can
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boost both the economic and ecological efficiency of the retrofitting interven-
tion, thanks to the above-mentioned potential for a multifunctional integrated
design; depending on urban planning restrictions, they may either adhere to or
be an expansion of the existing building, thereby allowing for additional housing
spaces and increasing the real estate value; they foster the building technological
updating and the urban regeneration [18] [19].

The aim of the present study is to explore the seismic performance of ex-
oskeleton structures and their ability to reduce the earthquake-induced vibra-
tions of existing structures. The consideration of an intra-connection between
two subsystems of a same, single structural system is a distinctive aspect of this
study and, compared to previous literature about the inter-connection between
adjacent structures, it involves essential differences that have to be highlighted.

Most literature works on adjacent structures focus on new buildings, de-
signed with given dynamic properties and subsequently coupled at storey level
to limit structural damage or avoid pounding under dynamic loading. The
coupling is electively dissipative, implementing viscous [20] 21, visco-elastic
[22] 23, 24, 25] or hysteretic [26], 27, 28] 29] dampers, aimed at providing sup-
plemental energy dissipation. A relative motion between the two structures is
therefore essential and ensured by substantially different dynamic properties.
The main issue discussed by these work is the design of the dissipative coupling
[30, B1], generally optimised according to a global protection strategy, so that
the overall response of both the coupled structures is reduced [T1].

In this paper, the exoskeleton structure is conceived as a “sacrificial ap-
pendage”, called to absorb seismic loads in order to increase the performance of
a primary frame structure. A non-dissipative, and in particular rigid, coupling
is assumed between the primary structure and the exoskeleton structure. The
focus is on investigating how such a rigid coupling affects the dynamic response
of the primary frame structure and whether it could be useful for vibration con-
trol objectives under seismic loading. The approach of study is the most general
one: given that, in principle, the mass of the exoskeleton structure is not negli-

gible, dynamic coupling is fully taken into account; the exoskeleton structure is
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modelled as a dynamic system whose properties, in terms of mass, stiffness and
damping, can be varied and, possibly, designed with the aim of controlling the
response of the primary structure.

The paper is arranged as follows. After the Introduction, the dynamic model
of the system composed of two coupled linear viscoelastic oscillators is defined
in Section 2} such a model is of interest, first, due to its paradigmatic value,
and second, because it has been proved to be representative of the reduced-order
modal model of coupled multi-degree-of-freedom structures [23]. The dynamic
equilibrium of the coupled system is set in non-dimensional form, highlighting
the governing independent parameters, and a parametric study is carried out in
frequency domain on the response to harmonic base motion. The results, dis-
cussed in Section [3] lead to characterise the dynamic behaviour of the coupled
system and to discern the principle of operation delineated by the exoskeleton
structure in terms of vibration control. A case study is subsequently presented
in Section [4] dealing with the seismic response of a mid-rise reinforced con-
crete frame structure, designed with non-ductile behaviour, coupled to a steel
diagrid-like lattice exoskeleton structure. This choice was motivated by the con-
sideration that diagrid systems are a structural typology particularly appealing
for exoskeleton structures, thanks to their inherent structural efficiency, mor-
phological versatility and architectural quality [32], as well as for the possible
standardisation and replicability of components [33]. Conclusions are finally

drawn in Section Bl

2. Structural model

Without lack of generality, the system composed of a primary structure con-
nected to an exoskeleton structure is modelled by means of two coupled linear
viscoelastic oscillators (Figure . The primary oscillator, with M7, K7 and C
as mass, stiffness and damping coefficients, represents the primary structure; the
secondary oscillator, with M5, Ky and C5 as mass, stiffness and damping coeffi-

cients, represents the exoskeleton structure; coupling between the two oscillators
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is assumed to be non-dissipative and is modelled as a Hooke spring with stiffness
coefficient K. When the system is excited by a base motion X,(t), the dynamic
equilibrium is written with reference to relative displacements U; = X; — X,

and Up = Xy — X, as

MlU{/-i-ClU{-i-KlUl :—Mng-l-K(Ug—Ul) (1&)
MQUéI"’_CQUé"_KQUQ = —MQXg—K(UQ—Ul), (1b)

with (-)" denoting differentiation with respect to time ¢.

The limit case of the Hooke spring with the stiffness coefficient tending to
infinity, K — 00, can be viewed as the case of a rigid coupling between primary
and secondary oscillator. It follows Uy — U; and, to the limit, Equations [1| are

replaced by the equation of motion of a single-degree-of-freedom (sdof) system:

(My 4+ Mo)UY + (Cy 4 Co)Uy + (K + Ko)Uy = —(My + M) X (2)

To give a more general description of the problem, Equation [2]is rendered non-
dimensional by scaling with respect to the chosen characteristic values of fre-
quency )y = \/m, displacement U* = Mjg/K; and force F* = Mg,
being 2; the uncoupled natural frequency of the primary oscillator and g the
acceleration due to gravity. Dimensionless variables 7 = Qqt and u; = Uy /U*

are thus defined and Equation [2]is set in non-dimensional form as
(14 p)iiy + (2C1 + 2Gap)in + (1 + a®p)uy = —(1 + p)iy, (3)

with the overdot indicating differentiation with respect to dimensionless time 7.
Relevant independent parameters in are:

2 = o Gt

ST A Y S N oy
The mass ratio and the frequency ratio between the two oscillators are denoted
by ¢ and «, respectively, with {25 being the uncoupled natural frequency of the
secondary oscillator; (; and (, are the uncoupled damping ratios of the primary
and of the secondary oscillator; non-dimensional base acceleration &, results to

be scaled by gravity.
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3. Frequency response

We characterise the dynamic behaviour of the coupled primary-secondary
oscillator system in frequency domain, a representation that is natural and
effective when dealing with the performance of structural control strategies [34]
35, B6). Complex-valued Frequency Response Functions (FRF's) are defined and
used as performance evaluators for each response quantity of interest: coupled
system displacement u; relative to the base and absolute acceleration &1; force

f transmitted from the moving base to the mass of the coupled system.

3.1. Displacement and acceleration response

Base motion and the steady-state relative displacement of the coupled sys-
tem are assumed to be harmonic with same non-dimensional circular frequency

w = /9. They are represented as rotating vectors in Gauss-Argand plane as:

Tg(T) = 2g0e™7, u1(7) = ug0e™7, (5)

with x40 and wu;g being complex amplitudes with different phases. By intro-
ducing the assumed harmonic functions into the equation of motion , a
FRF can be defined as the ratio between the amplitude of the system relative

displacement, u19, and the amplitude of base acceleration, Z0:

Hyp () = 20 _ (1+p)
e Tgo L+ a?p+iw(2C + 2Gap) — w?(1 +p)

(6)

If a harmonic function is introduced, instead, for the system absolute displace-

ment, 21(7) = 210€"", a FRF can be defined as the ratio between the amplitude

of the system absolute acceleration, #1g, and the amplitude of base acceleration,

i}goi
F10 (1+ a2p) + iw(2( + 26e0p)

— = - . 7
Zgo 1+ a?p+iw(2G + 2¢ap) — w?(1+ p) @)

In Figure [2] the magnitude of the FRFs for both the relative displacement

Hi, i, (w) =

and the absolute acceleration of the coupled system are plotted versus the exci-

tation frequency w; to comparison purposes, the magnitude of the corresponding
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FRFs of the uncoupled primary oscillator is shown as well. Within the set of pa-
rameters governing the dynamic behaviour of the coupled system, p = 0.05,
¢1 = 0.05 and (2 = 0.05 are fixed, while frequency ratio « is varied in the range
[0.1, 10]: increments of frequency ratio «, for a constant mass ratio u, corre-
spond to the stiffening of the secondary oscillator with respect to the primary
oscillator. As a first result, the peak of FRF's, which denotes the natural fre-
quency of the coupled system, is progressively shifted towards higher frequency
values. A second observation is that, as « increases, the peak magnitude con-
siderably decreases for the relative displacement FRF, while it slightly increases
for the absolute acceleration FRF.

In consideration of the above results, parametric analyses are carried out to
thouroughly explore the influence of rigid coupling on the dynamic response of
the primary oscillator. Two response ratios are defined in terms of FRF peak

magnitude:

maX|Hulig(w)|C maX\Hilig(wﬂC

R = R. = 8
uy maX|Hulig(w)\U’ &1 max|Hi1jg(w)|U7 (8)

where superscripts C and U denote, respectively, the Coupled primary-secondary
oscillator system and the Uncoupled primary oscillator. Based on definitions ,
values of R,, or Rz, smaller than one imply a reduction of the resonance re-
sponse of the primary oscillator, in terms of relative displacement or absolute
acceleration, by virtue of the rigid coupling to the secondary oscillator. Param-
eters to be studied are the mass ratio p and the frequency ratio «, which can
be considered as the design parameters of the coupled system. Damping ratios
(1 and (o, conversely, are taken as given properties of the oscillators, both equal
to 0.05. Results are presented in Figure |3| for u ranging from 0.01 to 0.20 and
« ranging from 0.1 to 10.

Although minima are non found, it appears from Figures a) that R,, as-
sumes values lower than one in a large part of the spanned parameters space,
indicating that the displacement response of the primary oscillator can be sig-
nificantly reduced by way of the rigid coupling to the secondary oscillator; in

particular, R,, < 1 when o > 1. Figures b) show, however, that, where the
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displacement response is reduced, the acceleration response is amplified instead
(Rz, > 1), a drawback that should be carefully taken into account when dealing
with vibration control objectives. It is worth noting that, for p > 0.10, R,,, ap-
pears to be more sensitive to variations in frequency ratio o than in mass ratio
W it means that, even with a limited mass, but proper dynamic properties,
the coupled secondary oscillator is able to effectively control the displacement

response of the primary oscillator.

8.2. Transmitted force

A response quantity of interest in the base excitation problem is the force
transmitted to the mass of the system due to the motion of the base [37]. From
the free-body diagram in Figure [[{b), the force transmitted to the mass of
the coupled system is the sum of the forces through the springs and dampers,
F = (K + K3)Uy + (C1 + C3)U;. By resorting to non-dimensional form and

assuming the system harmonic response u(7) given in , it becomes:
f(7) = (1 + a?w)u0e™™ +iw(2¢; + 2Cam)uipe™™ = foe™T. 9)

A FRF can be defined as the ratio between the amplitude of the transmitted

force, fo, and the amplitude of base acceleration, #g:

Hf:'v'g (w) = xLO = (1 + agu + 1w2(1 + iw?@au) Hulj}g (UJ), (10)
g

being Hy, 3, (w) the relative displacement FRF introduced in Equation @
Since the two coupled oscillators are set in parallel, it is possible to split the

total transmitted force @ into the sum of the forces transmitted through each

oscillator:

() = f1(7) + fa(7) = fr0e™™ + faoe™. (11)
Consequently,

Hipyi, () = 22 = (14 0261) oy, () (12)

Tg0
and
Hpai () = 32 = (02 4 iw3Ga0p) His, () (13)
g0
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are the FRF's measuring the amplitude of the forces transmitted, per unit base
acceleration, through the primary and the secondary oscillator, respectively.
Comparisons concerning the transmitted forces are drawn in Figure[d]. Asin
Figure [2], for the coupled system, parameters p = 0.05, {1 = 0.05 and (3 = 0.05
are given, while frequency ratio « ranges from 0.1 to 10. Figure a) shows that
the peak magnitude of the total transmitted force FRF, Hy; (w), is greater in
the coupled system than in the uncoupled primary oscillator and is increased
by increasing a. However, by considering individually the contribution through
each oscillator, Hy, 3, (w) and Hy,z, (w), a twofold effect becomes apparent: in-
crements of a lead to a reduction in the peak transmitted force through the
primary oscillator (Figure b)) and, meanwhile, to an increase in the peak
transmitted force through the secondary oscillator (Figure [4c)). To quantify
such variations in the transmitted force proportions, two ratios are defined in
terms of FRF peak magnitude:
© ©

max | Hy, s, (w) ~ max|Hp,s, (@)

Ry = f2 = (14)

max [Hy, z, (w)[V’ max [Hy, z, (w)[V’
where, as before, superscripts C and U denote the Coupled system and the
Uncoupled primary oscillator, respectively. In Figures Ry, and Ry, are plotted
by varying parameters mass ratio p and frequency ratio a. Results indicate
that, by selecting o > 1, the rigid coupling to the secondary oscillator is able
to reduce the peak transmitted force through the primary oscillator (Ry, < 1)
(Figures [f|a)). Such reductions increase by increasing a and p and imply the

simultaneous rise of the peak force through secondary oscillator (Figures[5|(b)).

4. Case study

The parametric analyses discussed in Section [3] indicate that the resonance
response of a primary oscillator, subjected to base motion, can be reduced, as
to both relative displacement and internal forces, by way of the rigid coupling
to a secondary oscillator, if the dynamic properties of the latter are purposely

selected. In this section, we deal with the seismic response of multi-degree-of-
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freedom frame structures and a case study is presented to explore how it could

be affected by the rigid coupling to an exoskeleton structure.

4.1. Primary structure

A benchmark primary structure, located in a high seismicity site and not
complying with the seismic performance requirements of current Italian Building
Code [38], is considered. It consists of a 4-storey, 4 bays by 2 bays, reinforced
concrete moment-resisting frame designed with non-ductile behaviour. Constant
span length and inter-storey height are [ = 6 m and h = 3.50m, respectively,
with global dimensions of 24 m x 12 m x 14 m in the longitudinal (z), transverse
(y) and vertical (z) directions. Distributions of mass and stiffness are uniform
in plan and in elevation: columns and beams cross-sections are rectangular with
dimensions 40x40 cm and 40x30 cm, respectively; total floor mass is equal to
240.24 kNs? /m. The structure is therefore symmetrical in plan with respect to
both the z- and y-direction. A Finite Element (FE) model (Figure [6] (a)) has
been developed by employing the OpenSees [39] module within the structural
analysis program CDS WIN [40] . Floor slabs have been verified to have an
in-plane rigid behaviour, entailing the introduction of a diaphragm constraint

at each floor level.

4.2. Exoskeleton structure

A self-supporting exoskeleton structure, adjacent to the primary structure,
is subsequently considered for retrofitting purposes (Figure [6] (b)). It consists
of a diagrid-like structural system made of S235 steel columns and diagonal
beams, whose cross-sections are HE100A and 114.3 mm x 5 mm circular hollow,
respectively; the beam inclination angle is 49°. In the FE model of the coupled
system, the exoskeleton structure is connected to the primary structure at each
floor level by means of rigid links, preserving overall regularity in plan and in

elevation.

10
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4.3. Modal properties

Modal properties of the bare primary structure (i.e., in the absence of the
exoskeleton structure) and of the coupled primary-exoskeleton system are re-
ported in Table [I] In both cases, plans have two orthogonal axes of symmetry,
the longitudinal z-axis and the transverse y-axis. Purely bending and perfectly
decoupled vibration modes are therefore obtained, while torsional modes are
evidenced by null participating mass ratios.

Broadly speaking, natural frequencies of the coupled system are higher than
the ones of the bare primary structure. This effect is more pronounced as to the
first two modes and in the longitudinal direction rather than in the transverse
direction: the first natural frequency (i.e., first bending mode in transverse
y-direction) increases by 86%, from 7.051 to 13.093 rad/s (the corresponding
period dropping from 0.891 to 0.480 s); the second natural frequency (i.e., first
bending mode in longitudinal z-direction) increases by 129%, from 7.521 to
17.190 rad/s (the corresponding period dropping from 0.835 to 0.366 s). It is
worth observing that also the participating mass ratios vary between the bare
primary structure and the coupled system. Specifically, they increase in the first
two vibration modes and decrease in all the other modes: for the first mode,
M, grows from 83.92% to 88.49%; for the second mode, M, grows from 84.50%
t0 90.76%; for all the other modes, reductions of either M, or M, are obtained.

4.4. Seismic analyses

Response spectrum analyses are carried out on the FE models of the bare
primary structure and of the coupled primary-exoskeleton system, with the aim
of comparing their performance under earthquake loading. Seismic input is de-
scribed by pseudo-acceleration response spectra according to the Italian Build-
ing Code [38]. A high seismicity site with soil class C (deposit of medium-dense
sand) is considered and two seismic hazard levels are selected, defined in terms
of reference peak ground acceleration at bedrock az: 1. a; = 0.082g, with
probability of exceedance of 63% in 50 years (mean return period 50 years),

corresponding to the Damage Limitation (DL) performance requirement; 2.

11
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ag = 0.249g, with probability of exceedance of 10% in 50 years (mean return pe-
riod 475 years), corresponding to the Life Safety (LS) performance requirement.
The relevant elastic pseudo-acceleration response spectra (5% viscous damping)
are shown in Figure [} Seismic action components are applied independently
along each horizontal direction, x and y, evaluating separately the effects on the

structural response [38, [41].

4.5. Seismic response

Response quantities monitored in the seismic analyses are floor displace-
ments relative to ground, inter-storey drifts and floor shear forces: from the
viewpoint of seismic protection, they represent the engineering demand param-
eters which structural integrity and serviceability depend on.

Tables and report the peak floor displacements (U, U,) and inter-storey
drifts (Ag, A,) obtained for the bare primary structure and for the coupled
primary-exoskeleton system under the two levels of seismic excitation (DL and
LF limit states). The variation of floor displacements over the height of the
primary structure, both without and with the rigid coupling to the exoskeleton
structure, is illustrated in Figure [§] for the LF limit state; in a similar way,
Figure [J] depicts the profiles of inter-storey drift ratios, referring to an inter-
story height of 3.50 m, for the DL state. In both Figures [§ and [9] the graphs
on the left plot the peak response values, while a performance index (PI) is
presented on the right, in order to assess comparatively the control performance
at various elevations. Such indices are defined as the ratio of the peak floor
responses between the coupled primary-exoskeleton system and the bare primary
structure: a value of PI smaller than one implies a reduction of the floor response
in the coupled system as compared to the primary structure; conversely, a value
greater than one means an amplification.

Due to the predominant contribution of the first vibration mode in both z-
and y- direction, peak values of floor relative displacements (Figure 8| (a)) grow
along the height of the primary structure and this trend is found for the coupled

primary-exoskeleton system as well. For the bare primary structure, peak floor

12
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displacements in the two horizontal directions are comparable, while for the
coupled system, they are clearly smaller in the longitudinal (x) than in the
transverse (y) direction, indicating a differential control effectiveness exerted by
the exoskeleton structure. Looking at PI (Figure|8|(b)), reductions of peak floor
displacements range from 55% to 67% in z-direction and from 33% to 51% in
y-direction, increasing with the increasing floor level. Slightly lower reductions
are obtained for the DL state, as reported in Table

Peak inter-storey drift ratios for the bare primary structure are below 4%o,
under DL state (Table[2), while they rise up to 10.5%o and 11.2%o, correspond-
ing to the second floor, under LS limit state (Table|3). For the coupled system,
considerable reductions are observed, and particularly over the mid-storeys (sec-
ond and third floor), where peak drifts are reduced by about 75% in z-direction
and about 55% in y-direction, under both levels of seismic excitation. Profiles
in Figure [9] show that a significant deformation control, although maximum at
mid-storeys, is achieved over the entire height of the primary structure.

In addition to displacement and deformation control, the rigid coupling to
the exoskeleton structure leads also to important reductions of the internal
forces in the primary structure. Tables [ and [5] report the peak floor shear
forces (Vg, V) obtained for the bare primary structure and for the coupled
primary-exoskeleton system under DL and LF limit states. As shown in Fig-
ure [0 base shear on the primary structure is reduced in the coupled system
as compared to its bare configuration, but differences are found between the
horizontal directions and the two levels of seismic excitation: under DL state,
reductions amount to 38% in z-direction and 8% in y-direction; under LS limit
state, reductions amount to 43% in z-direction and 17% in y-direction. The
more the base shear on the primary structure is reduced, the higher the base
shear on the exoskeleton structure is: while in y-direction, the base shear on
the exoskeleton structure is lower than the one on the primary structure, in
z-direction, the former is greater than the latter and almost comparable to
the base shear on the bare primary structure. A comprehensive assessment,

though, cannot leave aside the distribution of internal forces along the height

13
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of the coupled system. Profiles of peak floor shear forces on the primary and
on the exoskeleton structure are hence illustrated in Figure normalised by
dividing by the corresponding peak base shear on the bare primary structure. It
is observed that shear forces on the primary structure appear be reduced at all
floor levels, although the greater reductions are found on the second and third
floors, resulting in a significantly different distribution compared to the bare
configuration. On the exoskeleton structure, shear forces are generally higher
than on the primary structure and even comparable to the values characterising

the bare primary structure.

5. Conclusions

This exploratory study was aimed at investigating whether exoskeleton struc-
tures can be a viable and effective means to control structural response under
seismic loading. The exoskeleton structure is conceived as a dynamic system
whose mass, stiffness and damping properties can be varied and, possibly, de-
signed in order to modify the response of a primary structure, connected by way
of a rigid coupling.

Frequency domain analyses have been used to characterise the dynamic be-
haviour of a coupled primary-secondary oscillator system and to discern the
principle of operation delineated by the exoskeleton structure in terms of vibra-
tion control. The dynamic equilibrium of the coupled system has been set in
non-dimensional form, to identify the governing independent parameters, and
a parametric study has been carried out on the response to harmonic base mo-
tion. Ratios in terms of FRF peak magnitude have shown that the resonance
response of the primary oscillator can be reduced, as to both displacements and
internal forces, by virtue of the rigid coupling to the secondary oscillator, if the
dynamic properties of the latter are purposely selected.

Seismic analyses have been subsequently conducted on a case study in which
a mid-rise reinforced concrete frame structure, designed with non-ductile be-

haviour, is rigidly connected at each floor level to an exoskeleton structure,

14
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realised as a steel diagrid-like lattice structure. By comparing the seismic re-
sponse of the bare primary structure and of the coupled primary-exoskeleton

system, the following results emerge:

e a significant displacement and deformation control of the primary struc-

ture is achieved: peak floor displacements are reduced, on average, by
40%-50%, while reductions of peak inter-storey drifts are higher and up
to 75%:;

although floor displacements and inter-storey drifts are reduced over the
entire height of the primary structure, the maximum control effectiveness

is found at mid-storeys;

in addition to displacement and deformation control, important reductions
of the internal forces in the primary structure are also obtained, in terms
of both base and floor shear forces; distribution of floor shear forces along
the height of the primary structure appear to be significantly different

compared to the bare configuration;

the more the internal forces on the primary structure are reduced, the
higher the internal forces on the exoskeleton are; broadly speaking, floor
shear forces on the exoskeleton structure are found to be comparable to

the values denoting the bare primary structure;

a differential control effectiveness is found between the longitudinal and
the transverse horizontal direction, due to the different dynamic properties
exhibited by the connected primary and exoskeleton structure in the two

directions.

Future research should address the optimal design problem of the exoskeleton
structures, according to a multi-objective optimisation approach taking into
account both the control performance and the cost of the retrofitting strategy.
The introduction of supplemental damping, viscous or hysteretic, provided by

the exoskeleton structure would be of interest and should be dealt with.
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Figure 1: Coupled primary-secondary oscillator system: (a) structural model; (b) free body

diagram in case of rigid coupling (K — 00).

Figure 2: Magnitude of the FRFs (a) Hy, z, of relative displacement and (b) Hj, 3z, of absolute
acceleration, for the Uncoupled (U) primary oscillator and for the Coupled (C) system with
varying frequency ratio a. It is assumed p = 0.05, {1 = 0.05 and (2 = 0.05.
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Figure 3: Surface and contour plots of response ratios, (a) Ry, for relative displacement and
(b) Ry, for absolute acceleration, versus mass ratio p and frequency ratio c. It is assumed

¢1 =0.05 and ¢ = 0.05.

22



-C,a=1

C,a=2
C,a=5
C,a=10

(c) 107

&
<100

Figure 4: Magnitude of the FRFs (a) Hy;, of total transmitted force, (b) Hy, z, of force

transmitted through primary oscillator and (c) Hy, i, of force transmitted through secondary

oscillator, for the Uncoupled (U) primary oscillator and for the Coupled (C) system with

varying frequency ratio a. It is assumed p = 0.05, {1 = 0.05 and (2 = 0.05.
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Figure 5: Surface and contour plots of transmitted force ratios, (a) Ry, for the force through
the primary oscillator and (b) Ry, for the force through the secondary oscillator, versus mass

ratio p and frequency ratio a. It is assumed ¢; = 0.05 and {2 = 0.05.
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(b)

Figure 6: Three-dimensional views of the FE models of (a) the bare primary structure and

(b) the coupled primary-exoskeleton system.
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Figure 7: Elastic pseudo-acceleration response spectra (5% viscous damping) defined for the
Damage Limitation (DL) and Life Safety (LS) performance requirements, according to the
Italian Building Code [38]. Dash-dot lines indicate the fundamental vibration period of the
Bare primary structure (7F = 0.891s) and of the Coupled primary-exoskeleton system (TC =
0.480s).
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Figure 8: Profiles of floor displacements in z- and y-direction: (a) peak values for the Bare

primary structure (B) and for the Coupled primary-exoskeleton system (C); (b) Performance

Indices (PI). Life Safety limit state.
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Figure 9: Profiles of inter-storey drift ratios in z- and y-direction: a) peak values for the Bare

primary structure (B) and for the Coupled primary-exoskeleton system (C); (b) Performance

Indices (PI). Damage Limitation state.
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Figure 10: Peak base shear forces at (a) Damage Limitation state and (b) Life Safety limit

state: comparison between bare primary structure and coupled primary-exoskeleton system.
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Figure 11: Profiles of normalised peak floor shear forces in (a) z- and (b) y-direction: com-
parison between Bare (B) primary structure and Coupled (C) primary-exoskeleton system.

Life Safety limit state.
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TABLES

Bare primary structure Coupled primary-exoskeleton system

Q T My My, Q T My M,

Mode [rad/s] [s] (%] (%] [rad/s] [s] (%] (%]
1 7.051 0.891 0.00 83.92 13.093 0.480 0.00 88.49
2 7.521 0.835 84.53 0.00 17.190 0.366  90.76 0.00
3 8.226 0.764 0.00 0.00 22.345 0.281 0.00 0.00
4 23.372 0.269 0.00 11.04 36.639 0.171 0.00 7.71
5 24.520 0.256  10.73 0.00 45.858 0.137 5.96 0.00
6 26.879 0.234 0.00 0.00 58.214 0.108 0.00 0.00
7 44.571 0.141 0.00 3.94 68.354 0.092 0.00 2.80
8 45.789 0.137 3.74 0.00 82.744 0.076 2.44 0.00
9 50.643 0.124 0.00 0.00 87.110 0.072 0.00 1.00
10 67.630 0.093 0.00 1.10 97.434 0.064 0.84 0.00
11 68.192 0.092 1.01 0.00 103.530 0.061 0.00 0.00
12 76.243 0.082 0.00 0.00 119.519 0.053 0.00 0.00

Table 1: Modal properties of the bare primary structure and of the coupled primary-
exoskeleton system: circular frequencies €2, periods T, participating mass ratios in z-, M,

and in y-direction, My.
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Bare primary structure Coupled primary-exoskeleton system

Us U, A A, Us U, Ay Ay

Level [m] [m] (%] [%ho] [m] [m] (%oo] [Zoo]
1 0.009 0.009 2.5 2.5 0.004 0.007 1.2 1.9
2 0020 0021 32 34 0.008 0013 0.9 1.7
3 0029 0031 26 28 0009 0016 05 11
4 0034 0009 16 1.7 0011 002 05 1.0

Table 2: Peak floor displacements (U, Uy) and inter-storey drift ratios (Ag, Ay) in z- and
y-direction for the bare primary structure and for the coupled primary-exoskeleton system,

Damage Limitation state.

Bare primary structure Coupled primary-exoskeleton system
Uz Uy Ag Ay Uz Uy Ay Ay
Level [m] [m] [Yeo]  [0] [m] [m] (o] [o0]
1 0.028 0.029 8.1 8.3 0.013 0.019 3.6 5.6
2 0.065 0.068 10.5 11.2 0.023 0.037 2.8 5.0
3 0.094 0.100 8.4 9.1 0.028 0.049 1.6 3.3
4 0.112 0.120 5.1 5.7 0.034 0.059 1.6 3.0

Table 3: Peak floor displacements (U, Uy) and inter-storey drift ratios (Ag, Ay) in z- and
y-direction for the bare primary structure and for the coupled primary-exoskeleton system,

Life Safety limit state.

29



Bare primary structure Coupled primary-exoskeleton system

Va Vy Ve, prim  Vz,exo  Vy,prim Vi, exo
Level [kN] [kN] [kN] [kN] [kN] [kN]
1 1236 1154 771 1218 1063 799
2 1118 1048 253 1470 434 1204
3 846 797 104 1155 207 1010
4 453 426 212 460 326 327

Table 4: Peak floor shear forces (Vz, V4) in @- and y-direction for the bare primary structure

and for the coupled primary-exoskeleton system, Damage Limitation state.

Bare primary structure Coupled primary-exoskeleton system

Vz Vy Ve, prim  Vzjexo  Vy,prim Vi, exo

Level [kN] [kN] [kN] [kN] [kN] [kN]
1 4053 3773 2311 3347 3146 2371
2 3669 3426 749 4152 1287 3567
3 2779 2605 299 3283 634 2972
4 1481 1394 612 1299 966 968

Table 5: Peak floor shear forces (Vz, V4) in @- and y-direction for the bare primary structure

and for the coupled primary-exoskeleton system, Life Safety limit state.
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