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Use of Friction Pendulum System for Seismic Isolation of Museum
Artifacts: Mathematical Modeling and Parametric Study

Highlights
< Establishing a mathematical model for a museum artifact isolated with the FPS inside of a structure

% Carrying out a parametric study involving variations in the values of the effective radius of curvature and
the friction coefficient

< Investigation of the effectiveness of the FPS by comparing the isolated and non-isolated museum artifact

Graphical Abstract

In this study, a mathematical model was established for a museum artifact isolated by a single friction pendulum
bearing. Afterward, a parametric study was carried out, and the effectiveness of the FPS was analyzed.
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Figure. Free body diagram of the museum artifact isolated by the friction pendulum system

Aim

This study aims to investigate the response of friction pendulum system according to the values of effective radius of
curvature and coefficient of friction and to examine their effectiveness in seismic isolation of museum artifacts.
Design & Methodology

The mathematical model developed by Fenz and Constantinou was created for museum artifacts on the first floor. The
responses of the isolator are examined for different effective radii of curvatures between 0.5 m and 3 m at 0.025 m
intervals, and seven different friction coefficient parameters of the FPS.

Originality

The originality of the study stems from the investigation of the parameters and effectiveness of the single friction
pendulum-type bearings for museum artifacts.

Findings

When the isolated and the non-isolated case are compared with the determined fmax= 0.06 and fmin= 0.03, Reff= 3
m parameters: Substantial decreases of 29.47% and 58.56% are noted in both peak and RMS accelerations for the
L'Aquila Earthquakes East-West component, along with 25.01% and 51.42% reductions in the North-South direction.
Additionally, RMS displacements between the floor and the artifact for both East-West and North-South components
are alleviated by 37.23% and 10.88%, while peak displacements exhibit minor rises of 3.25% and 1.10%, respectively.
Conclusion

The simulation results show that the acceleration values of the museum artifact were significantly reduced, while the
relative displacement between the floor and the museum artifact was within reasonable limits.

Declaration of Ethical Standards
The author(s) of this article declare that the materials and methods used in this study do not require ethical committee
permission and/or legal-special permission.
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ABSTRACT

Earthquakes seriously threaten precious artifacts in museums worldwide. Many historical pieces of inestimable importance that are
considered the common heritage of humanity have been damaged by earthquakes. Robust measures must be put in place to protect
museum artifacts from the perils associated with seismic risks. Seismic isolation devices like spherically shaped bearings are one
of the best options to prevent seismic damage of museum artifacts thanks to achieving a long period under low weights. Therefore,
the objective of this research is to assess the effectiveness of friction pendulum-type isolators, one of the spherically shaped
bearings, in seismic isolation of museum artifacts and to identify the appropriate design parameters. In this study, a non-isolated
single-degree-of-freedom model and a 2-degree-of-freedom model isolated with a friction pendulum bearing inside a building were
established for a museum artifact. A parametric study was conducted using the RMS and the peak accelerations and displacements
of the isolated mass at different values of friction coefficient and effective radius of curvature, as well as the maximum displacement
of the friction pendulum system. Afterward, the non-isolated and isolated mass responses were compared in the time domain based
on selected fmax= 0.06 and fmin= 0.03, Reft = 3 m parameters obtained from the parametric study. The simulation results demonstrate
a substantial reduction in the acceleration values of the museum artifact, while simultaneously maintaining the relative displacement
between the floor and the museum artifact within acceptable limits.

Anahtar Kelimeler: Seismic isolation, friction pendulum system, museum artifact.

Miize Eserlerinin Sismik Izolasyonu i¢in Siirtiinmeli
Sarkac¢ Sisteminin Kullanimi: Matematiksel
Modelleme ve Parametrik Calisma

oz

Depremler, biitiin diinyada miizelerdeki degerli eserleri ciddi sekilde tehdit etmektedir. Insanligin ortak mirasi olarak kabul edilen
paha bigilemez 6neme sahip pek ¢ok tarihi eser depremlerden zarar gormiistiir. Miize eserlerini sismik risklerle ilgili tehlikelerden
korumak igin ciddi 6nlemler alinmalidir. Kiiresel sekilli mesnetler gibi sismik izolasyon cihazlari, diisiik agirliklar altinda periyodu
uzatabilmeleri sayesinde miize eserlerinin sismik etkiler sebebiyle hasar gdrmesini 6nlemek i¢in en iyi seceneklerden biridir. Bu
nedenle, bu c¢alisma kiiresel sekilli mesnetlerden biri olan siirtinmeli sarkag tipi izolatorlerin miize eserlerinin sismik
izolasyonundaki etkinligini arastirmay1 ve uygun tasarim parametrelerini belirlemeyi amaglamaktadir. Bu ¢aligmada, bir miize eseri
icin izole edilmemis tek serbestlik dereceli ve bina iginde siirtiinmeli sarkag tipi izolator ile izole edilmis iki serbestlik dereceli bir
model kurulmustur. Farkli efektif egrilik yarigap: ve siirtiinme katsayis1 degerleri igin izole kiitlenin maksimum ve ortalama
karekok ivme ve yer degistirme degerleri ile izolatdriin maksimum yer degistirme degeri igin parametrik bir caligma yapilmistir.
Daha sonra, izole edilmemis kiitlenin ve parametrik ¢alisma sonunda segilen fmax= 0.06 and fmin= 0.03, Reff= 3 m parametrelerine
sahip bir izolatorle izole edilen kiitlenin tepkileri zaman tanim alaninda karsilastirilmigtir. Simiilasyon sonuglari, miize eserinin
ivme degerlerinin 6nemli dl¢iide azaldigini; ayn1 zamanda zemin ile miize eseri arasindaki goreli yer degistirmenin uygun siirlar
icinde oldugunu gostermektedir.

Keywords: Sismik izolasyon, siirtiinmeli sarkag sistemi, miize eseri.

1. INTRODUCTION demolition of artifacts. In some cases, the building may

Earthquakes not only damage buildings but also pose a
threat to museum artifacts such as busts, sculptures,
pillars, vases, pottery, ceramics, and art objects. Due to
the dynamic amplification effect, the artefacts in the
building are subjected to more earthquake forces than the
ground movement [1]. Therefore, a moderate earthquake
may not damage the structure but may cause irreversible

*Sorumlu Yazar (Corresponding Author)
e-posta : abcelik@yildiz.edu.tr

not be destroyed, but the museum artifacts are extremely
devastated [2, 3]. For example, two sculptures named
“Madonna in trono” and “Sant’Antonio Abate” in the
National Museum of Abruzzo [4], art objects at the
National Museum of Athens [5], Arkhias' Tombstone in
Kahramanmaras Archaeology Museum shown in Figure
1, were damaged during the L’Aquila Earthquake (Mw
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Figure 1. Images of different statues and art objects failure: (a) Statues collapsed in the L’Aquila Earthquake [4], (b)
Overturned art objects in the 1999 Athens (Parnitha) Earthquake [5], (c) Arkhias' Tombstone after 2023 Kahramanmarag
Earthquakes

6.3) in 2009, the 1999 Athens (Parnitha) Earthquake (Mw
6.0), and Kahramanmaras Earthquakes (Mw 7.7, Mw
7.6) in 2023, respectively.

Traditional methods aimed at increasing strength can be
applied to safeguard buildings and non-structural
components against the effects of ground motions, but
these are usually not possible for museum artifacts.
Seismic isolation has been considerably utilized to
prevent damage to buildings and non-structural elements
like museum artifacts in seismic hazard zones for
decades. Seismic isolation is a method for reducing the
destructive impact of earthquakes on museum artifacts by
separating them from the floor. The seismic effects, like
absolute acceleration transmitted to the artifact, can be
decreased with devices named seismic isolators. The idea
of seismic isolation is that rather than improving the
durability of the museum artifact, structural components
that have low horizontal stiffness, named seismic
isolators, are positioned between the floor and the
museum artifact, isolating the sensitive artifact from the
horizontal or vertical elements of seismic ground
motions.

There are three different techniques for the application of
seismic isolation represented in Figure 2: base isolation,
artifact isolation, and floor isolation. The initial method,
named base isolation [6-9], intends to safeguard the
structure and its non-structural parts by separating the
building from the foundation. However, because the
seismic requirements of the structure and secondary
systems can differ, the isolation system's design criteria
may not be able to fulfill both requirements [10]. The

second approach involves individual seismic isolation of
each vulnerable museum artifact. The third technique,
known as the raised-floor method, involves the
installation of a secondary floor system on the building
floor to separate a set of artifacts from the earthquake
effects.

There are some research has focused on the seismic
protection of lightweight objects like museum artifacts.
These investigations presented different kinds of
isolation devices, such as rubber bearings [11], sliding
bearings [12-16], rolling-based systems [17-20], wire
rope isolators [21], spring-viscous damper systems [22],
active-control systems [23, 24], and hybrid systems that
combined active or semi-active and passive systems [25-
27]. According to Lambrou and Constantinou, spherical
bearings are the most straightforward method for
extending the period under low loads. They used the
Friction Pendulum System in their study for computer
floors because of its long isolation period, high
displacement capacity, and absence of stability issues at
low loads [12]. There are also applications of seismic
isolation to museum artifacts. For instance, four friction
pendulum bearings were installed to isolate the "Hermes
of Praxiteles" statue, which is exhibited in the
Archaeological Museum of Olympia in Greece [28].
Thus, this study aimed to determine and analyze the
optimal parameters of a friction pendulum-type bearing
for the seismic isolation of each sensitive piece of
museum artifacts in a single-story building, either
separately or with a raised floor within the story.

@)

(b) ©

Figure 2. Schematic illustration of seismic isolation techniques: (a) Base
isolation, (b) Artifact isolation, (c) Isolation of artifacts as a group
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2. FRICTION PENDULUM SYSTEM

Friction pendulum-type seismic isolation systems are
sliding-based bearings in which the restoring force is
ensured by their geometry. These systems achieve
isolation by utilizing sliding motion and provides
damping through the friction generated between the
curved surface and the articulated slider. There is no
correlation between the flexibility and the energy
dissipation of the FPS. This property eases design
optimization. Since the FPS behaves like a pendulum, the
period of the FPS is not dependent of the weight. It
depends on the geometry of the system. This factor holds
significant importance in the selection of the FPS for
isolating museum artifacts. The period of the friction
pendulum system is as follows:

T=27t\/E (1)
g

Herein, R is the radius of the curvature, and g is the
gravitational acceleration.

A cross-section view of the friction pendulum-type
bearing is given in Figure 3. The FPS comprises of an
articulated slider placed on a curved sliding surface, with
retainers in place to limit exceeding the capacity of
displacement (d) of the sliding surface. The pivot point
serves to indicate the specific location around which the
slider rotates within the system. The slider height (h)
represents the radial distance measured from the concave
surface to the pivot point. The friction («) between the
articulated slider and the sliding surface is velocity-
dependent. The FPS maintains its rigidity as long as it
stays within the static friction limit. Consequently, it
effectively resists the movement when subjected to minor
loads.

Bearing Top Plate

Articulated Slider
d
Retainer- ¢ h
=

R.u—" Bearing Bottom Plate

Figure 3. Cross-section of the FPS

The actual period of motion of the isolated system is
determined by the effective radius (Rer) of curvature
because the vertical and horizontal forces transmitted by
the bearing act at the pivot point. In friction pendulum
systems, the pivot point can be inside or outside the
perimeter defined by the spherical concave surface. The
value of the effective radius (Res) varies according to the
position of the pivot point in relation to the surface of the
articulated spherical slider. When the pivot point is inside
the boundary, the effective radius of curvature (Ref)
equals the difference between the radius (R) of the
spherical sliding surface and the height (h) of the slider
(Reit = R - h). Conversely, when the pivot point is located

outside this boundary, the effective radius of curvature
(Resr) is the sum of the radius (R) and the height (h) of the
slider (Ret =R + h).

3. MODELING

In the mathematical model for friction pendulum systems
developed by Fenz and Constantinou [29, 30], which is
used in this study, the velocity-dependent behavior of the
coefficient of friction is described as follows:

U= fmax — fmax — fmin)exp(—alx|) (2

In Equation 2, p is the velocity-dependent friction
coefficient, fmin is the nearly zero velocity (static) friction
coefficient, fmax is the high velocity (dynamic) friction
coefficient, a is the ratio parameter controlling the
transition between fmin and fmax, x is the sliding speed.

The friction pendulum system model includes linear
spring elements, where the stiffness relies on the
spherical surface’s curvature and a friction element with
a plasticity determined by a modified Bouc-Wen model.
Additionally, a gap element has been incorporated to
represent the stiffness behavior of the slider in contact
with the restraint. For displacements under a
predetermined value, the gap element applies no force.
The gap element behaves as a linear spring with
significant stiffness beyond this displacement. Therefore,
the i horizontal force (Fi) exerted by the friction
pendulum element is as follows:

Fi = in +,ulWZl +
Reffi

Je (12| — dp)sign(x)H(I(x;] — d;) @)

Fri

In Equation 3, W is the weight (vertical load) on the
bearing, Rei is the effective radius of the curvature, x; is
the relative displacement between the slider and the
concave surface, wi is the velocity-dependent friction
coefficient defined in Equation 2, Z; is the hysteretic
coefficient ranging from -1 to 1 defined in Equation 4,
the hysteretic coefficient ranging from -1 to 1, F is the
forces occurring at the contact of the slider with the
restraint, kyi is the stiffness of the restraint limiting the
displacement, H is the step function, and d; is the
displacement capacity of the ith surface. The equation of
the hysteretic variable Z; is as follows:

dz; 1 ) . . .
R —{A; — 1Z|"ily;sign(x,Z) + B} (4)
t xyi

In Equation 4, xy; is the yield displacement, x is the sliding
velocity on the given surface; A, n, y, and B are
nondimensional parameters that control the form of the
hysteresis loop. Equation 4 and second part of Equation
3 represent friction hysteresis with a continuous function
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that approaches pure frictional behavior as x,; approaches
zero.

3.1. Non-Isolated Model

In base isolation, since the seismic requirements of the
building and the museum artifacts to be isolated may be
different, the criteria used for designing the isolation
systems may not meet both demands. For this reason,
seismic isolation of museum artifacts was done
separately within the floor. Since museum artifacts are
usually located on the first floor, this model was created
for museum artifacts on the first floor. The nonlinear
differential equations were solved in the time domain
using Matlab/Simulink® [31].

Figure 4 shows the free-body diagram of the non-isolated
museum artifact rigidly fixed on the first floor. Here, m;
is the structure of the first-floor structure mass, me is the
museum artifact mass, ks is the stiffness of the structure,
Cs is the damping of the structure, X, is the acceleration
of the earthquake, x,, X, and X are the displacement,
velocity, and acceleration of the museum artifact and the
structure, respectively.

Xs

(me+m5)xg

KsXs

CsXs

—~— (rr|e+rns)}>(s

7,

Figure 4. Free-body diagram of the non-isolated museum
artifact mass

The equation of motion for the non-isolated museum
artifact rigidly connected to the first-floor is obtained as
follows:

For first-floor structure mass and museum artifact mass,

(ms + mo)¥s + koxg + cxs = (5)
—(ms + me)xg(t)

3.2. The Model Isolated by The Friction Pendulum
System

Figure 5 shows the free-body diagram of the museum
artifact isolated by a single friction pendulum bearing on
the first floor. Herein, ms is the mass of the first-floor
structure and the isolator bottom plate, m; is the mass of

the raised floor and isolator top plate, me is the mass of
the museum artifact, ks is the stiffness of the structure and
Cs is the damping of the structure. F is the horizontal force
due to curvature, X, is the earthquake acceleration, x;, X,
and X are the displacement, velocity, and acceleration
of the isolator bottom plate and the structure,
respectively; x; and %;are the displacement and
acceleration of the raised floor, isolator top plate mass
and museum artifact, respectively.

Xs

ksxs

- CsXs

msXs

7

g

Figure 5. Free body diagram of the museum artifact rigidly
attached to the raised floor isolated by the FPS on the structure

The equations of motion of the museum artifact isolated
by the FPS on the first-floor are obtained as follows:

For first-floor structure mass and bearing bottom plate
mass,

meXs + keXs + CoXg — F = —mgXy(t) (6)

meXs + kgxg + cgXg — ( (x; —x5) +pWZz +

w
Refy
(7
kr(l(xi B xsl - d)Sign(xi B xs)H(l(xi B xsl - d))
Fr
= _msjég(t)

For bearing top plate, raised floor and museum artifact
mass,

(mi + me)jéi +F= _(mi + me)jc.g(t) (8)
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w
(m; + me)%; + (5— (x; — x5) +uWZ +
Refr

9
kr(l(xi - xsl - d)Sign(xi - xs)H(|(xi - xsl - d)) ( )
FT
=—(m; + me)jég(t)
Velocity dependent coefficient of friction,
K= fmax — (fmax - fmin)exp(_alxi - xsl) (10)
Hysteretic variable,
az g
) de (11)
x—{A — 1Z"ysign((x; — %5)Z) + B} (i — %)
y
4. PARAMETRIC STUDY
In this section, maximum acceleration, RMS
acceleration, maximum displacement, and RMS

displacement responses of the museum artifact, and the
maximum displacement responses of the isolator for
different effective radii of curvature and coefficient of
friction parameters of the FPS are obtained and shown on
graphs.

4.1. Input Ground Motions

In this study, a well-known non-scaled actual earthquake
record due to the damage of museum artifacts, will be
used as the input ground motions. This earthquake
occurred in a central historic town with a high cultural
matter. Museum artifacts like statues were damaged
during the earthquake since cultural objects were not
seismically protected. The data represents the 2009
L'Aquila Earthquake with a magnitude of My 6.3 as
recorded at the Centro Valle (AQV) station. East-West
and North-South components of the earthquake with
maximum ground accelerations of 0.664 g and 0.556 g
will be used in the simulations. The acceleration time-
history graphs of the earthquake input excitation are
illustrated in Figure 6.

L'Aquila Earthquake - EW
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Figure 6. L’Aquila Earthquake ground motion records used
for simulations: a) East-West component, b) North-South
component

4.2. Effects of Effective Radius and Sliding Coefficient
of Friction

In this section, the maximum and RMS acceleration and
displacement responses of the museum artifact, and
maximum displacement responses of the isolator for
different effective radii of curvatures between 0.5 m and
3 m at 0.025 m intervals, and seven different coefficient
of friction parameters of the FPS are obtained and shown
on graphs.

The first-floor structure properties [32] were taken as
mass (my)= 450000 kg, damping (cp)= 26170 Ns/m, and
stiffness (k,)= 18050000 N/m. Museum artifact mass
(me) is 1000 kg, and the bearing top plate and raised floor
mass (m;) is 250 kg, so the total weight (W) supported by
the FPS is 1250 kg. To limit the number of parameters,
nearly zero sliding velocity coefficients (fnin) is
considered twice lower than large velocity sliding
coefficients (fmax) [33]. Rate parameter (a) was taken as
100 sec/m [31], a commonly used constant value for the
FPS. Yield displacement (xy) is 0.000127 m, and the
dimensionless parameters that influence the form of the
hysteresis loop: A=1;  =2; y=0.9; g =0.1 [34].

Simulations are done without retainers because friction
pendulum systems have different peak displacements for
each effective radius and friction coefficient value. Due
to ignoring the retainers, the acceleration results of the
isolated mass may be slightly higher, while the
displacement results may be slightly lower because of the
stiffness behavior that occurs in the contact of the
articulated slider with the retainer at the peak
displacement of the isolator. Parametric study results will
not be affected since retainers are not used for all
effective radius and friction coefficient values compared.

Figure 7 to Figure 11 display the peak and RMS
acceleration and displacement of the museum artifact
isolated with the FPS and these isolators' peak
displacements according to different effective radii of
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Figure 7. Effects of effective radius and sliding friction coefficients on the peak acceleration of the museum
artifact: a) East-West component responses, b) North-South component responses
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Figure 8. Effects of effective radius and sliding friction coefficients on the RMS acceleration of the museum artifact:
a) East-West component responses, b) North-South component responses

curvature and sliding friction coefficients. These graphs
indicate the values for every incremental 0.025 m
effective radius of curvature of the FPS ranging between
0.5 m and 3 m. The sliding friction coefficients, fnin and
fmax, are considered adaptive to limit the number of design
variables. According to this assumption, a nearly zero
velocity sliding friction coefficient (fmin) is considered
twice as lower as a large velocity sliding coefficient of
friction (fmax). The peak and RMS acceleration and
displacement values are shown in figures with seven
different adaptive friction coefficients varying from

23

fmin: 003 tO fmin: 009

Figure 7 shows the effect of different effective radii of
curvature and friction coefficient values of the FPS on the
maximum acceleration of the isolated museum artifact
obtained using both east-west and north-south
components of the L’Aquila Earthquake. When the
results of the museum artifact under the influence of the
East-West component are analyzed; the minimum peak
acceleration value of the museum artifact is 5.3390 m/s?
for the effective radius of curvature parameter Res is 3 m,

18
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Figure 9. Effects of effective radius and sliding friction coefficients on the peak displacement of the museum
artifact: a) East-West component responses, b) North-South component responses

and the friction coefficients fmax and fmin are 0.10 and 0.05,
respectively. Contrary to the responses for other friction
coefficients, for the parameters fmax = 0.06 and fmin = 0.03,
the acceleration values of the museum artifact increased
after Rer =1.625 m. Similarly, for the parameters fmax
=0.08 and fmin =0.04, the peak acceleration values
increased after Rer =2.15m.
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In the North-South component results, the lowest peak
acceleration is 5.6164 m/s?, with Rer= 3 m, fmax = 0.06,
and fmin = 0.03 parameters. The observed trend in the
North-South component results indicates a decrease in
peak acceleration values with a reduction in the friction
coefficient but an increase with effective radius values,
tending to form a horizontal plateau approximately
beyond Rest =1.5 m.
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Figure 10. Effects of effective radius and sliding friction coefficients on the RMS displacement of the museum artifact:
a) East-West component responses, b) North-South component responses
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Figure 11. Effects of effective radius and sliding friction coefficients on the peak isolator displacement: a)
East-West component responses, b) North-South component responses

According to Figure 8, when analyzing the effects of
effective radius and sliding friction coefficients on the
RMS acceleration of the isolated mass using the L'Aquila
Earthquake input ground motions for both East-West and
North-South  components, the minimum RMS
acceleration value of the museum artifact is 1.0436 m/s?
and 0.8859 m/s? for the effective radius of curvature
parameter Ref IS 3 m, and the  friction
coefficients fmax and fminare 0.06 and 0.03, respectively.
It is observed that as the effective radius of curvature
increased, and the sliding friction coefficients decreased,
the RMS acceleration values also decreased. RMS
acceleration values exhibit a deceleration in their
decrease, forming a horizontal plateau approximately
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beyond Rett =1.5 m in the East-West component and after
approximately Rerr =1 m in the North-South component.
Figure 9 illustrate the effect of different effective radii of
curvature and friction coefficient values of the FPS on the
maximum displacements between the floor and the
museum artifact. While the minimum peak displacement
value of the isolated mass for the East-West component
is 0.1138 m for the effective radius of curvature
parameter Reris  2.025 m, and the friction
coefficients fnax is 0.10 and fuin is 0.05, the minimum
peak displacement of the North-South component is
0.0809 m for Resr = 1.35 m, and fnax = 0.16 and fyin = 0.08.
Isolated masses peak displacements values are within the
acceptable limits for all radius and friction coefficient
values.
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Figure 12. Acceleration responses of the museum artifact: a) East-West component response, b)
North-South component response
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Figure 13. Displacement responses of the museum artifact: a) East-West component response,
b) North-South component response

Figure 10 reveals insights into the influence of effective
radius and sliding friction coefficients on the RMS
displacement between the floor and the museum artifact,
as assessed under L'Aquila Earthquake input ground
motions. For the East-West component, the minimum
RMS displacement of the isolated mass, occurring at an
effective radius of curvature Re = 2.1 m, is 0.0357 m
with corresponding friction coefficients fnax=0.08 and fmin
= 0.04. In the North-South component, the minimum
RMS displacement is 0.0262 m, observed at R = 2.95
m, with friction coefficients fnax=0.06 and fyin=0.03.
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top and bottom plates of the FPS. The East-West
component exhibits a minimum peak isolator
displacement value of 0.1928 m, observed at an effective
radius of curvature Rer = 2.475 m, with friction
coefficients fmax =0.08 and fmin =0.04. Meanwhile, the
North-South component demonstrates a minimum peak
displacement of 0.1099 m at Re=2.075 m, with fax =0.10
and fmin =0.05. The maximum displacement responses
between the top and bottom plates of the FPS remain
within reasonable limits across all values of radius and
friction coefficients.
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Figure 14. Hysteresis loop of the FPS: a) East-West component response, b) North-South component

While there may be some deviations for both components
of the earthquake, it can generally be stated that as the
friction coefficient decreases, RMS displacement values
tend to decrease. For both components of the earthquake,
the decrease in RMS displacement has halted after
approximately Ret = 1.5m, and in fact, an increase has
been observed, excluding those with friction coefficients
fmax=0.06 and fnin=0.03in the North-South component.

Figure 11 demonstrate the effect of different effective
radii of curvature and friction coefficient values of the
FPS on maximum displacement responses between the

5. SYSTEM RESPONSES

In this section, the non-isolated and isolated museum
artifact responses were simulated using L'Aquila
Earthquake ground motions east-west and north-south
components. After the parametric study, a performance-
oriented selection according to the acceleration of the
isolated museum artifact will be made; the specified
values for the minimum peak acceleration, fmax= 0.06 and
fmin= 0.03, Re= 3 m, will be selected to compare to the
non-isolated situation. Based on the identified effective
radius and friction coefficient values, a displacement
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capacity of d=0.23 m has been selected for the compact
isolator design, surpassing the peak isolator displacement
as indicated by the findings from the parametric study.
The retainer stiffness (k) is taken as 17500000000 N/m
[33] in order to get a very large value. Except for the
parameters d, Refr, fmax and fmin, the same parameters in the
parametric study section are also used in this chapter. In
order to evaluate the efficiency of the FPS, three
responses, the isolated mass acceleration and
displacement and the normalized force and bearing
displacement relation, will be compared and discussed.
Figure 12 illustrates the isolated and non-isolated
acceleration time-history responses of the museum
artifact for The L’Aquila Earthquakes East-West and
North-South  components. When the East-West
components response is examined, the peak acceleration
value for the museum artifact that is not isolated is 8.2496
m/s?, the FPS reduced it to 5.8188 m/s>. The RMS
acceleration of non-isolated and isolated with the FPS
situations are 2.5182 m/s?and 1.0436 m/s?, respectively.
In the evaluation of the North-South components, the
non-isolated museum artifact registers a peak
acceleration of 7.4871 m/s? while the presence of the
FPS mitigates it to 5.6164 m/s?. The corresponding RMS
acceleration values for the non-isolated and FPS-isolated
conditions stand at 1.4001 m/s> and 0.8859 m/s?,
respectively. The inferences can be made: In the East-
West direction, the peak and RMS acceleration values are
mitigated by 29.47% and 58.56%, respectively.
Similarly, in the North-South direction, the peak and
RMS acceleration values experience reductions of
25.01% and 51.42%, respectively. Acceleration values of
the isolated mass are substantially minimized compared
to the non-isolated situation.

Figure 13 displays the relative displacement between the
floor and the museum artifact time-history responses,
considering both isolated and non-isolated scenarios, for
the East-West and North-South components of the
L'Aquila Earthquakes. In analyzing the displacement
response of the East-West components, the RMS
displacement is reduced from 0.0591 m to 0.0371 m with
the implementation of the FPS. The peak displacement in
the non-isolated scenario is 0.1323 m, while in the
isolated situation, it reaches 0.1366 m. Similarly, for the
North-South components of the L'Aquila Earthquakes,
the RMS displacement decreases from 0.0294 m to
0.0262 m with the FPS. The peak displacement in the
non-isolated situation is 0.0907 m, and in the isolated
scenario, it measures 0.0917 m. The deductions drawn
from the above observations are as follows: RMS
displacement values for the East-West and North-South
components of the L'Aquila Earthquakes are mitigated by
37.23% and 10.88%, respectively. However, peak
displacements exhibit a very slight increase of 3.25% and
1.10% compared to the non-isolated situation for the
respective components. The displacement values fall
within acceptable limits for both components during
seismic events.

The normalized force and bearing displacement loops of
the FPSs under the influence of the East-West and North-
South components of the L'Aquila earthquake are shown
in Figure 14. In the figures, the horizontal axis shows the
relative displacement of the bearing’s bottom plate and
the top plate of the FPS, while the vertical axis expresses
the ratio of the horizontal force acting due to the
curvature of the friction surface to the vertical forces
from the weight. The initiation of sliding of the FPS starts
once the normalized force exceeds the static friction limit
on the sliding surface. The period of the motion of the
FPS is controlled by the radius of curvature. The FPS
devices show nonlinear behavior because of the sliding
friction. The force-displacement relation enables
information about the amount of energy absorbed. The
enclosed areas in Figure 14 depict the dissipated energy
by the FPS. According to the hysteresis curves, the
maximum value of the ratio of the horizontal forces to the
vertical forces are 0.1343 and 0.1008; the maximum
displacement of the isolators are 0.2251 m and 0.1404 m
for the East-West and North-South components of the

L'Aquila earthquake respectively.

6. CONCLUSION

In this study, A mathematical model was established for
the museum artifact mounted on a raised floor isolated
with a single friction pendulum bearing inside the first
floor of a structure. 2009 L'Aquila Earthquakes East-
West and North-South components were selected as the
input ground motions in the simulations. A parametric
study was conducted with variations in the effective
radius of curvature and the friction coefficient values.
Except for the variations discussed in the parametric
study section, it can generally be stated that as the
effective radius increases and the friction coefficient
decreases, the acceleration values of the museum artifact
decrease. The displacement responses remained within
reasonable limits across all values of radius and friction
coefficients in the parametric study. Later, time history
analyses were carried out to compare non-isolated and
isolated artifacts using the parameters derived from the
parametric study. Significant reductions of 29.47% and
58.56% in peak and RMS accelerations are observed in
the East-West component, and 25.01% and 51.42% in the
North-South  direction, respectively. Furthermore,
relative RMS displacements between the floor and the
museum artifact for the East-West and North-South
components of the L'Aquila Earthquakes are mitigated by
37.23% and 10.88%, while the relative peak
displacements show slight increases of 3.25% and 1.10%,
respectively. The simulation results demonstrate that the
acceleration values of the museum artifact were reduced
significantly; meanwhile, the relative displacement
between the floor and the museum artifact was within
appropriate limits.
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ABBREVIATIONS
FPS  Friction Pendulum System
RMS Root Mean Square
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