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Abstract

In this work we investigate the rocking response of the Riace bronze A, a slender statue modelled as an equivalent rigid body
freestanding on an isolated base supported on: (a) Steel Reinforced Elastomeric Bearings, (b) Fiber Reinforced Elastomeric
Bearings, (c) Flat Surface Sliding Bearings, and (d) Curved Surface Sliding Bearings. The dynamic responses of such devices
contribute significantly to the rockingresponse of the base-isolated rigid block, so it is necessary to accurately predict the complex
hysteretic behaviors of the above-mentioned devices. For this reason, an innovative uniaxial phenomenological model has been
used. The proposed hysteretic model is described by an algebraic equation that does not require iterations to evaluate the state
variables, namely the device restoring forces. Moreover, the proposed hysteretic model is based on a set of parameters with a clear
mechanical significance.
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Introduction

A topic of great interest during the lasttwo decades has been the mitigation ofseismic risk for freestanding slender
objects because many statues contained within museums are simply supported on the floorora pedestaland are not
prepared to handle the oscillations induced by earthquakes (Augusti 1992, Calio 2004, Zuccaro 2017). The two main
types of response of the artobject (modelled as a rigid block) are slidingand rockingmotions. The first researcher to

* Corresponding author. Tel.: +39 081-7683723;
E-mail address: davide.pellecchia@unina.it

2452-3216 © 2020 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-ne-nd/4.0/)
Peer-review under responsibility of Marco Tanganelli and Stefania Viti

10.1016/j.prostr.2020.11.144


http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2020.11.144&domain=pdf

96 Davide Pellecchia et al. / Procedia Structural Integrity 29 (2020) 95-102

study the rockingresponse taking into account the collisions a rigid body is Housner (1963). However, between the
above-mentioned motions, the most worrying is the rocking (Gesualdo 2016, Gesualdo 2018) because it could end up
overturning the rigid body. Therefore, only the rockingresponse of rigid bodies is of specific interestin this paper.

In particular cases, someisolation systems havebeen developed for museum artifacts, such as the ones for the two
statues known as Bronzes of Riace at the Archaeological Museum of Reggio Calabria (Italy) (De Canio 2012). In
general, this kind of protection is expensive and for this reason, most artifacts are not equipped to mitigate seismic
risk.

In this paper, the rocking response ofthe Riacebronze A modeled as a rigid body freestanding on an isolated base
is investigated by employing four typologies of seismic devices, namely Steel Reinforced Elastomeric Bearings
(SREBsS), Fiber Reinforced Elastomeric Bearings (FREBs), Flat Surface Sliding Bearings (FSSBs), and Curved
Surface Sliding Bearings (CSSBs). It is important to adopt a hysteretic model able to predict the complex hysteretic
behavior of the seismic isolators since such devices are characterized by different shapes of the force-displacement
hysteresis loop. For this reason, we have used some recently developed hysteretic models (Vaiana 2018,2019a,2019b,
2019c) ofalgebraic nature and based on a small set of parameters havinga clear mechanical significance.

1. Problem statement

In this section, the system under investigation, namely the base-isolated rigid body, will be outlined. Accordingly,
its properties, its kinematics, the equations of motion, and the formulation ofthe collisions of the model are presented.

1.1. Model's properties

The Riace bronze A has been modelled as a symmetric rigid body (as shownin Fig. 1(a)-of mass m, and rotational
inertia about its centre of mass /- simply supported on a seismically isolated rigid base with mass m,. The damping
properties of the seismic isolation devices are modelled with a rate-independent hysteretic model with parameters
havinga clear mechanical significance. Therigid body hasheight and widthequalto Zhand 2b, respectively, and the
distance from the centre of mass to one cornerofits base is denoted by R = Vb2 + h2. Finally, when the body is at
rest, the distance Rtilts relative to the vertical of anangle denoted by a = tan~*(b/h).

1.2. Model's kinematics

The rigid body could exhibit two possible dynamic responses when subject to ground excitation, namely sliding
and rocking motions. Let us consider that the coefficient of kinetic friction between the body and the base is big
enough to prevent the sliding motion. This assumption is motivated by the fact that between the above-mentioned
motions, the most worrying is the rocking because it could end up overturning the rigid body. Consequently, the
system hasonly two degrees of freedom, onerelative tothe rocking ofthe body about one ofthe two bottom corners,
namely Oand O’,and the other corresponding to the relative horizontal displacement between the isolated baseand
the ground.

Regarding Fig. 1(b), the parameters that describe the above-mentioned motion are 8, to measure the tilting of the
rigid body, and u, to measure thehorizontal displacementbetweentheisolated base and the ground.

1.3. Equation of motions

The equations of motion ofthe system subjected to horizontal ground excitation ii , are

g

1,0+ m(iig + )R cos(sgn( O)a — 6) = —mgRsin(sgn( O)a — 6) (1)

m(iy + i+ %) + mp (i, + i) + ngcu+nyf, =0 )
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(a)

Fig. 1 - The proposed model and its kinematics.

The Eq. (1) is given by applying Newton’s second law to the circular motion. The parameter /yis the rotational
inertia about the bottom corner O(O’), whereas, gdenotes the gravitational acceleration. The Eq. (2) is given by
applying Newton’s second law to the horizontal direction. The parameter nzis the number of the seismic isolation
devices, cdenotes the viscous damping coefficient of each seismic isolation device, and £-is the restoring force of
each seismic isolation device.

1.4. The collision conditions

When the angular displacement 6 approaches zero, the rigid body will collide with the base-isolated rigid block.
The motion of the rigid body changes suddenly when the collision occurs making the Eqs. (1) and (2) invalid and
accordingly, in the dynamic response of the system there will be some discontinuities.

To compare the motion before and after the collision, the law of conservation of linear(angular) m omentum is used.
Indeed, although the kinetic energy decreases, the linear(angular) momentum remains unchanged. The loss of
rotational kinetic energy in the collision of a base-isolated rigid body is:

1 . 1 . m2(b?+ R%) + 2b2mm, — I,(m+m,)\
- (—109?)/(—109]3) _ (mX 2) »— 1o b) 3)
2 2 h*m? —I,(m+m,)

Roussis (2008) havereacheda similar expression delivering therotational inertia 7, forrectangularbody.

Concering the base excitation, Eq. (1) has been formulated by accounting for a single horizontal seismic
component. The vertical seismic component has been neglected despite of its pivotal role in o verturning problems
(Cimellaro 2020, Gesualdo2018) since the present contribution aimsto compare the performancesof four typologies
of insulation devices. A proper model accounting for the vertical ground motion must include a three-dimensional
characterization of the mechanics of such devices. Because of the lack of exhaustive experimental data, the seismic
vertical componentis not considered in this research although it will be the focus of futureresearch activities.

2. Isolation systems

The elastomeric and sliding bearings represent the main categories of seismic isolation devices used to date for
seismic protection of art objects. There are significant differences between the two above-mentioned categories of
isolation devices, especially in terms of hysteretic behavior. For this reason, in this section we will examine briefly
the main characteristics of the elastomeric and sliding bearings with particular regard to description ofthe hysteretic
behavior.
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Fig. 2 - Typical hysteresis loop shapes of SREBs (a), FREBs (b), FSSBs (c), and CSSBs (d)

2.1. Steel Reinforced Elastomeric Bearings

Steel Reinforced Elastomeric Bearings have a circular or square transverse cross sectionand between the sheets of
elastomer materials, there are some thin steel reinforcing plates. Such devices are connected with the superstructure
and thesubstructure through two steel plates thatbounded thetop and the bottom surfaces of devices. The connection
occurs typically with bolted bearings (Constantinou 2007). The behavior of SREBs displays symmetric hysteresis
loops bounded between two parallel curves, generally characterized by kinematic hardening since therestoring force
increases with increasing transverse displacement, see Fig. 2(a).

2.2. Fiber Reinforced Elastomeric Bearings

Fiber Reinforced Elastomeric Bearings have a rectangular, circular or square transverse cross section and between
the sheets ofelastomer materials, there are some fiber reinforcements. These fibers canbe in carbon, glass, nylon, and
polyester, and the fabric texture can be bi-axial or quadri-axial depending on whether the fiber follows two or four
directions, respectively. Typically, FREBs are connected with the superstructure and the substructure withoutany type
of chemical or mechanical bonding. The behavior of FREBs displays symmetric hysteresis loops bounded between
two parallel curves, genenally characterized by kinematic hardening since the restoring force increases with increasing
transverse displacement, and by three or more inflectionpoint accordingto the values of shear strains, Fig. 2(b).

2.3. Flat Surface Sliding Bearings

Flat Surface Sliding Bearings are characterized by anuppersliding plate, typically covered by Teflon, and a lower
stainless steel plate. The Fig. 2(c) shows the typical hysteresis loop shape displayed by FSSBs. Many experiment
results (Constantinou 1990, Mokha 1990) show that these devices presentboth types of hysteresis behaviors, namely,
rate-dependent and rate-independent hysteretic behaviors. So that means that the device restoring force depends on
the device transverse displacement as well as the device transverse velocity.

2.4. Curved Surface Sliding Bearings

Curved Surface Sliding Bearings, also known as Friction Pendulum Bearing, are characterized by a pendulum,
typically covered by a low-friction composite material, that slides on a curved sliding surface. These devices as well
asthe FREBs, present both rate-dependent and rate-independent hysteretic behaviors. The Fig. 2(d) shows the typical
hysteresis loop shapedisplayed by CSSBs.

2.5. Computational model

The nonlinear behavior ofthe base-isolated rigid block depends on the strongly hysteretic behavior characterizing
the adopted seismic isolators. Accordingly, it is important to adopt an hysteretic model able to predict the complex
hysteretic behavior of the seismic isolators. For this reason we have adopted hysteretic models belonging to a class
recently developed by Vaiana (2018,2019a,2019b). Such constitutive modelis of algebraic nature; thus, the device
restoring force can be computed in closed form. Compared with constitutive models providing similar hysteresis
shapes, such as the popular Bouc - Wen, the used model does not require any iterative procedure within each step of
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the analysis. Moreover, it requires a smallernumber of parameters having clear mechanical significance and it is able
to account for the dependency of the response on the sliding velocity, bearing pressure and on the conditions of the
interface. The chance of controlling such variegated behaviors makes such a model to be very accurate and
computationally efficientin reproducing the actual behavior of the employed seismic devices.

Makingreference to Vaiana (201 8) for thedetails, the used model is based on five constitutive parameters. Sucha
formulationis sufficiently accurateto model the behavior of FREB and SREB devices, while sliding bearing response
require a modified formulation presented in Vaiana (2019b) in which the sliding bearing restoring force strongly
depends on the frictionand it may be evaluated as Mokha (1990)

) =~ 1 )y 2 @)

where [, is the normal compressive force, i.e. the force component acting perpendicular to thesliding surface, r
is the radius of curvature of sliding surface, u, () is the coefficientof kinetic friction, on the otherhand u and vt are
the bearing transverse displacement and velocity, respectively.

The expression to evaluate the coefficient ofkinetic friction p; (1) is shown by Constantinou (1990).

3. Numerical experiments

Numerical experiments have been carried out to evaluate the response of the above-described system under
horizontal ground excitation. The numerical solutions of the equations of motion (1) and (2) are done in MATLAB
by using the explicit fourth-order Runge-Kutta method and applying the hysteretic models described in Sec. 2.5 to
evaluate the device restoring force for each device analyzed. The collision condition is checked in eachtime step; in
case of collision the procedure is restarted with the initial conditions for the angular displacement, the angular velocty,
the transverse displacementand the transverse velocity immediately after the collision.

The nonlinear dynamic behavior of the base-isolated rigid body is computed by applying the E-W component of
horizontal ground acceleration during the Irpinia earthquake of November 1980 as input.

3.1. Properties of the system

The numerical experiments' result has been obtained for the system illustrated in Fig. 1. The geometrical properties
of'the Riacebronze A were obtained by De Canio (2012). In particular the statuehas mass m = 185 kg, and rotational
inertia about its centre of mass I = 54 kgm? whereas the rigid base has mass m,, = 4320 kg. For each category of
seismic isolation devicedescribed in Sec. 2, four values of the displacementlimit havebeenselected, denoted asuiim,
from 100 mm to 400 mm. Themechanical properties of each device, and for each value ofthe displacement limit were
derived froma factory's catalog. The hysteretic model parameters listed in Tab. 1 have been selected in order to obtain
the maximum device restoring force shown by the factory's catalog.

Tab. 1 - Hysteretic model parameters.

Isolation seismic Limit displacement [m]

dovice kaNmM' ey Nm'] a B INm] B Nm]
0.1 4.38x10° 7.00%10° 100 5.00x10° 5.00x10°

SREB 0.2 4.39x10° 7.00x10* 100 5.00x10° 5.00x10°

0.3 4.40%10° 7.00x10* 100 5.00x10° 5.00x10°

0.4 1.00x107 2.25x10° 100 5.00x10° 5.00x10°

0.1 3.10x10° 2.00x10° 100 - 5.00x10° 5.00%107

FREB 0.2 3.20%10° 2.00x10° 100 - 5.00x10° 5.00x107

0.3 7.70%10° 2.00x10° 100 - 5.00x10° 5.00%107

0.4 1.00x107 4.50x10° 100 - 1.00x10’ 1.00x10*
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E:\?:éon seismie Limit displacement [m] ko INm'] ky INm™] a By INm™] Bz INm™]
0.1 0.055 0.025 1.00x10° 834 170

FSSB 0.2 0.055 0.025 1.00x10° 2040 370

0.3 0.055 0.025 1.00x10° 2090 350

0.4 0.055 0.025 1.00x10° 652 110

0.1 0.055 0.025 1.00x10° 700 1000

CSSB 0.2 0.055 0.025 1.00x10° 880 420

0.3 0.055 0.025 1.00x10° 889 350

0.4 0.055 0.025 1.00x10° 890 350

4. Results of the analyses

From Fig. 3 to Fig. 6, the comparison ofthe computed responseis depicted in terms ofthe horizontal displacement
history of the base (left plot) and the hysteresis loop (right plot) of each seismic device and for each value of the
displacement limit. It can be observed that the magnitude of the horizontal displacement history is the same for all
devices, accordingly the dynamic properties, i.e. the natural circular frequency of vibration, is practically the same for
each device. The response in terms of angular displacement history is not an object of study since the angular
displacement amplitude has turned outnegligible.
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Fig. 3 - Steel Reinforced Elastomeric Bearings

In Fig. 7 the maximum displacementto limit displacement ratio is shown for each device, in fact this ratio represents
a kind of safety factor. It can be observed thatthe safety of the objectis achieved by the devices with a limit
displacement ranging from 300 to 400 mm.
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Fig. 4 - Fiber Reinforced Elastomeric Bearings
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Fig. 7 - The maximum displacement to limit displacement ratio.

5. Conclusions

The nonlinear dynamic behavior of the base-isolated Riace bronze A subjected to horizontal ground acceleration
hasbeenexamined. TheRiace bronze A hasbeenmodeledas a symmetric rigid body that is able torock aboutoneof
the two bottom corers, whereas therigid base can oscillate horizontally. So, the model under this study has only two
degrees of freedom. Theslidingmotionis prevented a ssuming that the coefficient ofkinetic friction between the body
and therigid base is big. The collisions problem hasbeen investigated a pplyingthe laws of conservation of linear and
angular momentum, in order to evaluate the angular and horizontal velocities after the collision. The rigid base i
supported by seismic isolators that have a complex hysteretic behavior, namely the elastomeric and sliding bearings
that represent the main categories of seismic isolation device used to date for seismic protection of art objects. An
innovative uniaxial phenomenological model has been adopted in order to predict the nonlinear behavior of such
devices. The proposed hysteretic model is described by an algebraic equation that does not require itera tions to
evaluate the state variables, namely the device restoring forces; additionally, the proposed hysteretic model is based
on a set of parameters with a clear mechanical significance. Numerical assessments have been carried outin order to
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permit the comparison between the different behaviors of each isolation device analyzed in terms of horizontal
displacement history and force-displacement relationship of the isolators. Moreover, the maximum displacement to
limit displacement ratio has been evaluated for the purpose of estimating a safety factor.

Future research directions will include an experimental assessment of the seismic devices, which will be also
performed on Wire Rope Isolators (Vaiana 2017, 2019d), whose constitutive parameters will be investigated by the
procedure proposed by Sessa et al. (2020). Moreover, in order to provide a more exhaustive comparison notrelated to
a single seismic event, the procedure will be implemented in a multi-objective random vibration analysis (see, €.g.,
Sessa 2010) so thatseismic responses can be compared from a statistical point of view.
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