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ABSTRACT

This paper presents the main features of the numerical and experimental studies that are in
progress in Italy on isolated structures. Particular attention is paid to the MISS mock-up, for
which test data will be provided by Italy to the participants in this Research Programme.

INTRODUCTION

Seismic isolation and other innovative antiseismic techniques have already been applied in
Italy to more than 150 bridges and viaducts and over 30 buildings and other structures.
Information about Italian applications of these tecniques has been provided by Martelli et al.
(1996a) and is also available on Internet at the URL http://rin365.arcoveggio.enea.it/glis.
Moreover, detailed numerical and experimental studies have been performed to support
applications (Martelli et al., 1996b). Forni et al. (1995) and Dusi et al. (1996), presented a
study concerning the implementation of detailed finite element models (FEMs) of single
seismic isolators. These models are quite expensive in terms of degrees of freedom and
calculation time, so they cannot be used in the seismic analysis of the isolated structures. Aim
of this study is the implementation and validation of a simplified model, based on the
coupling of a multi-linear spring and an elastic-plastic beam (§ 3). It is being used in the
seismic analysis of:

1- one of the five isolated buildings of the TELECOM Italia Center at Ancona, which was
subjected to a wide-ranging campaign of in-situ tests in 1990 (Bettinali et al., 1991; §§ 2.1,
4.1);

2- the twin apartment houses (one conventional and one base-isolated) at Squillace, which
were subjected to in-situ tests in 1991 (Vestroni et al., 1992, Forni et al., 1993; §§ 2.2,4.2);

3- MISS (Model of Isolated Steel Structure), a 300 kN mock-up which is being subjected
to shake table tests, using even three-directional (3D) excitations (§§ 2.3,4.3).

1. PRINCIPLES OF SEISMIC ISOLATION

Traditional earthquake design methodology uses high strength or high ductility to mitigate
seismic effects. An alternative approach consists in the isolation of the structure base from the
ground by use of flexible devices, called isolators, placed between the superstructure and its
foundations. A base-isolated structure is characterized by a quite low frequency, thus, during a
strong earthquake, it moves like a rigid body over its isolation system. Deformations and
energy dissipation are mostly concentrated in the isolators. Thus, a seismic isolator must be
rigid in the vertical direction (to support the dead load of the superstructure), flexible in the
horizontal plane (to allow for large relative displacements between the superstructures and the



ground) and, possibly, it must be able to dissipate a significant amount of energy. High
damping rubber bearings (HDRBs), which are formed by the superposition of steel plates and
rubber layers bonded together, satisfy the above mentioned conditions (Forni et al., 1995 &
Dusi et al., 1996). They are among the most used isolators in the world and especially in Italy
(Martelli et al., 1996a). Their behaviour is mostly characterized by the rubber mechanical
properties, which are quite non-linear. As a matter of fact, the horizontal stiffness is initially
high, then it decreases, then it remains pratically constant in the range between 50% and 150%
shear strain; finally, stiffness increases up to isolator severe damage, which can occur even
over 400% shear strain (Dusi et al., 1996). The rubber damping is hysteretic, that is pratically
independent of velocity and dependent on displacement (some viscous effects are present but
they can be neglected in most cases). Since hysteretic damping is not available in finite
element codes like ABAQUS, the seismic analysis of base-isolated structures requires the
implementation of a 'user' material with the above mentioned features, or the development of a
simplified 'equivalent' model of rubber bearings (§3).

2. STRUCTURES CONSIDERED

2.1 TELECOM Italia building

The TELECOM Italia Center of the Marche Province was built at Ancona in 1991 and is
the most important application of base isolation in Italy (Giuliani, 1989). It is formed by five
large eight-storey buildings, connected among themselves (figure 1). The resistant structures
are reinforced concrete frames that are highly irregular. The buildings contain computers and
other sophisticated hardware for which the protection from seismic actions is essential. The
isolation system consists of HDRBs with hard rubber compound (shear modulus G = 0.8
MPa) and 'recess' attachment system (see Dusi et al., 1996 and Forni et al., 1995); the devices
have a total rubber height of 144 mm and two different diameters (500 mm and 600 mm)
corresponding, respectively, to 1,600 kN and 2,600 kN design vertical load (combination of
the dead load of the structure with vertical seismic actions). The buildings have a first
response frequency close to 0.6 Hz, with quite a high isolation ratio a, close to 7 (a being the
ratio of the fixed-base structure frequency over the isolated one). During the design
earthquake, the expected displacement is equal to 144 mm, corresponding to a bearing
deformation of 100% shear strain. Somewhat beyond this displacement, a fail-safe system,
formed by rubber bumpers, gradually stops the building motion.

The building analysed in this study (figure 2) was subjected to a wide-ranging experimental
campaign including forced vibration and pull-back tests (Bettinali et al., 1991). Aim of the
forced vibration tests, carried out by use of a mechanical vibrator placed on the roof, was to
measure the fundamental response frequencies of the building superstructure (§ 4.1). The pull-
back tests, which consisted in providing an initial displacement to the isolation system by
means of hydraulic actuators acting on the base of the building superstructure, aimed at
observing the free-vibrations following the istantaneous release of the building itself. They
were performed using collapsible devices provided with explosive bolts. These tests allowed
for the measurement of the frequencies of the isolated structure (and the isolation ratio) and
were suitable to characterize the mechanical properties of the isolation system (§ 4.1).

The above mentioned building is now being monitored to record wind and seismic actions.

2.2 The twin apartment houses at Squillace

The two buildings, one conventional and. the other base-isolated (figure 3), have identical
geometrical and mechanical characteristics, apart the foundations and the isolation system
(Vestroni et al., 1992). The buildings have four storeys, three above and one below ground.
The resistant structure is a reinforced concrete frame, symmetrical with respect to the central



transversal axis, while on the longitudinal axis the mass and stiffness centres are nearly
coincident. The first interstorey is stiffer than the others, due to the presence of a shear
reinforced concrete wall. The isolation devices are underneath the first floor (figure 4), below
them there is a rigid box structure acting as foundation, while a framed structure rests on
them. They consist of 27 HDRBs with recess attachment system, 132 mm rubber height and
two different diameters (400 mm and 500 mm), the largest for the internal columns, which
carry a higher vertical load (1,190 kN), and the smallest for the exterior columns (770 kN).
The bearings were fabricated using hard rubber compound (G = 0.8 MPa) and were designed
to obtain an isolation frequency close to 0.8 Hz, with an isolation ratio of 8.3.

At the time of in-situ tests the frames of the two structures had been completed but the
buildings were not complete; neither the roof nor the flooring were in place. In the
conventional structure the external masonry walls and internal partitions were present, while
the isolated structure had only the external walls. With the aim of characterizing the dynamic
properties of the buildings, forced vibration tests were carried out by use of a mechanical
exciter placed on the roof (figure 3) of the two buildings, in an eccentrical position.
Excitations were provided in two normal directions (Forni et al., 1993).

The isolated building is now being monitored to record wind and seismic actions, similar to
that at Ancona.

2.3 MISS

MISS is a steel frame structure mock-up with a rectangular base of 2.1 m x 3.3 m, and four
storeys (with an interstorey distance either of 0.9 m or of 1.1 m). It can support up to 20
concrete masses, each weighting 13 kN. The frequency of the structure can be choosen in
quite a large range, depending on the interstorey distance and the number of masses used and
their disposition (which can also be asymmetric). The actual isolation system is formed by 6
isolators fabricated with a soft compound (G = 0.4 MPa, bolts and dowel attachment system,
125 mm diameter, 30 mm rubber height) and provides an isolation frequency in the range of
interest for seismic isolation (below 1 Hz). MISS was realized in the framework of a
cooperation among Italian and European partners, aimed at the optimization of seismic
isolators (ENEL et al., 1993). At present (May 1996), it is being subjected to a wide ranging
experimental campaign of forced vibrations at the top (sinusoidal and random, figure 5) and
shaking table tests consisting in the application of sinusoidal excitations and natural and
artificial earthquakes (ID, 2D and 3D) for both the isolated and fixed-base configurations
(figure 6).

3. SIMPLIFIED MODEL OF RUBBER BEARING

A simplified model of rubber bearing is necessary in the numerical analyses of isolated
structures which require quite large FEMs and long computational time. As mentioned in § 1,
the most important problem in the implementation of such a model is given by the highly non-
linear behaviour of the rubber bearings, especially in terms of damping. The model proposed
in this paper was developed at ENEA and is based on the coupling of a spring, which provides
the non-linear stiffness, and a beam, which provides the hysteretic damping with its plastic
deformation.

3.1 Main features

A sketch of the multi-linear elastic-perfectely plastic simplified model (MEP) is shown by
figure 7. The spring K$ can be multi-linear and even asymmetric with respect to the origin.
Usually, only one Ks variation is sufficient to describe the isolator hardening, which usually
begins at 75%-125% shear strain and perfect symmetry between the two deformation ways in
the horizontal direction is assumed.



The hysteretic damping is provided by the beam, which is subjected to pure compressive
load: it is initially elastic, then it strains plastically. The beam stiffness is given by the ratio
EA/L, where E is the Young's modulus (the material, of course, is completely arbitrary), A is
the cross-section area and L is the length. The geometry of the beam is arbitrary too; however,
to avoid convergence problems in the calculations, it is usefull to have a non-excessively large
Young's modulus, a length/diameter ratio typical of a beam (say, 10 or 20) and a length that is
well larger than the expected deformation. In this analysis most of the beams used in the MEP
models have a length of 1 m and a circular section with a radius equal to 50 mm.

In the analyses using 2D horizontal excitations, a second spring-beam coupling must be
defined in the normal direction in the horizontal plane. In 3D calculations the vertical
behaviour of the isolator may be simulated using only a linear spring calibrated on the basis of
experimental tests. In fact, the vertical displacements are usually very small and the related
energy dissipation is negligible.

3.2 Calibration of the MEP model

The MEP model can reproduce the loading curve of any experimental hysteresis loop and,
approximately, its area. One has to fix:

1) the plastic stress limit (Py) of the beam, in order to obtain the measured value (Fo) of
the force at the intersection between the experimental hysteresis loop and the force axis (or the
desired 'width' of the equivalent hysteresis loop). Py shall be equal to F()/A; in figure 8, which
refers to the smaller isolator of the TELECOM Italia building (see §§ 2.1, 4.1) during a static
test at 100% shear strain, we have Py = 21,6 kN / 7854 mm2 = 2.75 MPa.

2) the E value, in order to well reproduce the AB and CD sides of the hysteresis loop
(figure 8), also taking into account the simultaneous contribution of the spring. It is
worthwhile noting that, the E value being fixed, there is an initial displacement D e (equal to
FoL/EA) under which the model is perfectely elastic. In the case of figure 8, E is equal to 380
MPa and D e results to be equal to 6.4 mm (4.4 % shear strain).

3) the spring stiffness, in order to reproduce the whole hysteresis loop. To do this, it is
necessary to take into account that, after exceeding D e (or Py), Fo will always be added to the
force provided by Ks, thus the spring shall reproduce the 'diagonal' of the hysteresis loop.

3.3 Limits of the MEP model

The most important limit of the MEP model is that it provides an equivalent hysteresis loop
with a constant 'width'. On the contrary, the 'width' of the experimental hysteresis loop of a
rubber bearing increases with the shear strain (figure 9). Thus, the calibration of the MEP
model shall take into account the level of the actual seismic excitation and the related
expected shear strain. If the model is calibrated for a big earthquake, for example up to 300%
shear strain, it cannot be used for small excitations because it would be too stiff and would
have an excessive damping.

Another problem is that the MEP model is independent of velocity, while rubber bearing
stiffness and damping show a little dependence on frequency (= 10%). Thus, the model shall
be calibrated based on experimental hysteresis loops measured at the frequency of interest.

4. NUMERICAL ANALYSES

4.1 TELECOM Italia building

A detailed FEM of the building subjected to in-situ tests was implemented in ABAQUS.
The model is quite expensive in terms of degrees of freedom: in fact, it has 4,415 nodes and
4,307 beam (B33) and shell (S4R) elements. The characteristics of the model (stiffness and
density) were initially calibrated based on the forced vibration tests carried out in 1990 (§ 2.1).



Figures 10 a-f show the first 6 modes of the building, which are sufficient to represent 99% of
the total mass, at the time of the in-situ tests and after building completion. In the vibrational
analysis the isolators were simply simulated by 3 linear orthogonal springs (two horizontal
and one vertical), initially based on the results of the tests on single bearings at very low
displacements, then calibrated so as to well reproduce the first three rigid body modes. The
first three 'elastic' modes of the building (4th, 5th and 6th global modes) were reproduced by
calibrating the Young's modulus of the concrete. The forced excitation tests were also used to
calibrate the damping of the superstructure. The measured damping value was lower than 2%
(according to the low excitation level), but it was assumed equal to 5% or even 7% in the
seismic analyses at high excitation (expecially for the fixed base conditions). In the linear
calculations modal damping was used, while in the non-linear analysis the Rayleigh
coefficients a and (3 were defined in order to reproduce the actual damping in the frequency
range of interest. Figure 11 shows an example of the good agreement between the calculated
and measured values in terms of transfer function between the acceleration and the excitation
force at the roof of the building during a forced excitation test (§ 2.1). For these calculations
the *STEADY STATE DYNAMICS procedure was used. It is worthwhile noting that figures
10 a-f refer to the frequency values expected during a strong earthquake (large displacement,
thus low isolator stiffness, as mentioned in § 1), while in figure 11 the isolator stiffness is
calibrated at very low displacement, typical of the forced vibration tests.

The pull-back test at 110 mm was used to validate the MEP model. The results are shown
in figure 12. It is worthwile noting that the loading phase of the pull-back test lasted 8 hours,
due to the very large force necessary to move the building (11,000 kN). During this period,
creep modified the characteristics of the rubber, thus some residual displacement was present
after the conclusion of the test. Moreover, during free vibrations, viscous effects (§ 1), which
are not included in the MEP model, are more important than in the case of forced excitations.
Taking into account the above mentioned problems, the agreement of figure 12 can be
considered rather good and the MEP model validated.

After the validation of the superstructure and isolation system models, many artificial and
natural earthquakes have been applied to the building FEM with the aim of analizing the
structure behaviour for different soil conditions, acceleration levels and isolation ratios, even
in the case of absence of seismic isolation. Modal analysis (taking into account the first 9
modes) was used for the calculations at fixed-base, while direct integration (implicit method)
was adopted for the runs concerning the base-isolated building. The analysis, which requires
very expensive non-linear calculations in terms of CPU time, is still in progress. The first
results show that the isolation system provides a reduction of a factor 4 to the accelerations
(therefore to the inertial loads) acting at the top of the building during an earthquake which
provides the maximum design displacement. Thus, not only the frame but also the contents (in
this case hardware equipment) are better protected from seismic actions. Figure 13 reports, as
an example, the case of a synthetic time hystory of 35 seconds corresponding to a medium
soil, with an acceleration peak of 0.3 g.

4.2 Squillace apartment houses

The FEM of the Squillace isolated house consists of 402 nodes and 503 beam (B33) and
shell (S4R) elements. It has been subjected to the same kind of analyses as the TELECOM
building (§ 4.1). Figures 14 a-f reports the first six modal shapes of the building in fixed-base
conditions. In the analysis at fixed-base, 25 modes have been considered, which are sufficient
to represent 86% of the total mass (1,514 t). The calibration of the building FEM (Young's
modulus and damping) was based on the results of the forced vibration tests. Contrary to the
case of the TELECOM building (which was only a concrete frame), the calibration of the
Squillace house was complicated by the presence of the masonry walls, internal partitions and
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an embankment on three sides of the first storey of the building. Detailed information about
this part of the analysis is widely reported by Vestroni et al., 1992 and Form et al., 1993.

The FEM of the isolated house has been used for non-linear calculations using a MEP
model of rubber bearings for different kinds of excitations. In this study an isolation system
different from that actually placed under the building was considered in order to evaluate the
effects of a higher energy dissipation (ENEL et al., 1993). Similar to the TELECOM building,
base isolation always provides a strong reduction of the accelerations acting on the building
(inertial forces) and of the relative displacements between roof and base (stresses). The
Campano-Lucano earthquake recorded at Calitri (1980) for relatively soft soil represents more
severe soil conditions with respect to those of Squillace (medium soil) and has been used for a
first step of analyses. Figures 15 and 16 report a comparison between the roof displacements
and accelerations in the case of fixed and isolated base. Figures 17 a-b show the horizontal
displacement in the case of 3D simultaneous excitation for the isolated and conventional
buildings.

4.3 MISS

The MISS FEM consists of 2,419 nodes and 1,204 beam elements (B33). Each concrete
mass is simply modelled by 4 solid (C3D8) elements in order to well reproduce the geometric
distribution of the masses.

The first phase of the analysis consisted in the calibration of the steel frame. This was done
based on the results of forced vibration tests (figure 5), consisting in the application of both
sinusoidal forces at the top of the fixed-base structure and sinusoidal accelerations at its base,
with frequency ranging between 0 and 35 Hz. The sinusoidal test also provided the damping
of the structure, which turned out to be quite low (0.7%). The modelling of the stiffness of the
connections between the columns and the horizontal beams was done by the interposition of
torsional springs. Figures 18 a-f show the first six modes calculated for MISS in the fixed-
base configuration with 16 masses (for a total weight of 250 kN) and reports the comparison
among the measured frequency values (indicated as 'exp.').

Some calculations were also performed using the *STEADY STATE DYNAMICS
procedure, in order to calculate the maximum acceleration applicable at the base of the fixed
structure. In addition, a detailed model of the base of a column was implemented and used for
static calculations aimed at the correct positionning of the strain gauges to be placed on the
steel frame, thus monitoring the most stressed part of the mock-up during the tests. The
maximum bending strain allowable at the base of the steel frame resulted to be 800* 10"^ (800
\LE); after this limit undesired plastic deformations are expected.

The MISS configuration with 16 masses was also analyzed in the base-isolated condition.
Some first calculations were carried out using linear spring to model the isolators in order to
perform the vibrational analysis. The isolation ratio results to be rather low (Figures 18 a-f),
thus the shaking table tests will be very important for the demonstration of the applicability of
this techniques even for very flexible structures.

Finally, the isolation system was modelled using the MEP simplified model and several
synthetic and natural time-hystories were applied to the FEM of MISS. Figure 19 shows, as an
example, the comparison between the relative displacement between the top and the base of
MISS in the fixed and base-isolated conditions during the application of a synthetic time-
history of 25 seconds with an acceleration peak of 0.2 g. In this case, the reduction factor of
the displacement was equal to 5. Figure 20 shows the comparison between the acceleration at
the top of MISS in the fixed and isolated conditions for the above-mentioned earthquake.
Figure 21 reports the hysteresis loops calculated during this analysis and compares them with
the experimental one as measured during tests on the single isolator. The maximum
deformation reached was 170% shear strain.



Unfortunately, the experimental campaign has some delay, thus no comparisons between
calculated and measured time-hystories are possible to date.

5. CONCLUSIONS

A simplified model of rubber bearing based on the coupling of a multi-linear spring and an
elastic-plastic beam was implemented in the ABAQUS code. It has already been used in the
seimic analyses of different structures (large building, apartment house and steel frame) which
use seismic isolators of different materials (soft and hard rubber compounds), sizes (from 125
mm to 600 mm diameter) and attachment systems (recess and bolts & dowel). No
convergence problems were detected in ABAQUS during the runs. Different excitation levels,
isolation ratios and soil conditions have been analized with the aim of validating the MEP
model. The validation is still in progress, mostly depending on the experimental campaign on
MISS mock-up which is now in the final phase, but the first results are quite encouraging.
Should the MEP model be completely validated by the results of the above-mentioned
experimental campaign on MISS, it will be a simple but efficient tool for non-linear analyses
of base-isolated structures.
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Figure 1. One of the five base-isolated
buildings of the TELECOM Italia Center at
Ancona after completion (1992).

Figure 2. Base-isolated building of the
TELECOM Italia Center subjected to in-
situ tests in 1990.

Figure 3. Squillace base-isolated building
during the in-situ tests in 1991 (positioning
of the mechanical vibrator on the roof).

Figure 4. Seismic isolators placed below
the Squillace base-isolated building during
the construction phase (1991).

Figure 5. Forced excitation test at the top
of MISS in the fixed-base configuration with
no masses (37 kN total weight).

Figure 6. MISS on the ISMES shaking table
in the fixed-base configuration with 16
masses (250 kN total weight).
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Figure 7. Multi-linear elastic-plastic simplified model (MEP) of a rubber bearing (Ks = non-
linear spring; E-P = elastic-perfectely plastic beam).
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Figure 8. Comparison between the experimental and 'MEP' hysteresis loop for the smaller
HDRB of the TELECOM Italia building at 100% shear strain.
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Figure 9. The MEP simplified model provides a constant 'width' of the hysteresis loop which
underestimates the damping at large shear strain.



Fl = 0.60 Hz (in-situ test)
Fl = 0.54 Hz (after completion)
a =6.8

F2 = 0.62 Hz (in-situ test)
Fl = 0.55 Hz (after completion)
a=8.1

Figure 10-a. 1st modal
TELECOM Italia building.

shape of the Figure 10-b. 2nd modal
TELECOM Italia building.

shape of the

F3 = 0.65 Hz (in-situ test)
F3 = 0.58 Hz (after completion)
a =10.5

Figure 10-c. 3th modal
TELECOM Italia building.

shape of the

F4 = 4.77 Hz (in-situ test)
F4 = 4.19 Hz (after completion)

Figure 10-d. 4th modal shape of the
TELECOM Italia building.

F5 = 5.19 Hz (in-situ test)
F5 = 4.56 Hz (after completion)

Figure 10-e. 5th modal
TELECOM Italia building.

shape of the

F6 = 6.69 Hz (in-situ test)
F6 = 6.08 Hz (after completion)

Figure 10-f. 6th modal shape of the
TELECOM Italia building.
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Figure 11. Measured and calculated transfer functions between velocity and excitation force
in the longitudinal direction at the roof of the TELECOM Italia building
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Figure 12. Experimental and calculated displacements during the pull-back test at 11 cm on
the TELECOM Italia building.
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Figure 13. Acceleration calculated at the roof of the TELECOM building compared to that
obtained in the hypothetical case of fixed-base during a synthetic earthquake (0.3 g peak).



Fl = 5.26 Hz
a=6.1

Figure 14-a. 1st modal shape of the
Squillace conventional building.

F2 = 6.11Hz
a = 6.9

Figure 14-b. 2nd modal shape
Squillace conventional building.

of the

F3 = 6.69 Hz
a =6.6

Figure 14-c. 3rd modal shape
Squillace conventional building.

of the

F4 = 14.49 Hz

Figure 14-d. 4th modal shape of the
Squillace conventional building.

F5= 15.72 Hz F6= 17.13 Hz

Figure 14-e. 5th modal shape of the
Squillace conventional building.

Figure 14-f. 6th modal shape of the
Squillace conventional building.
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Figure 15. Absolute displacement in the transverse direction as calculated at the roof of the
Squillace building compared to that obtained in the case of fixed-base (3D Calitri
earthquake).
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Figure 16. Acceleration in the transverse direction as calculated at the roof of the Squillace
building compared to that obtained in the case of fixed-base (3D Calitri earthquake).
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Figure 17 a. Horizontal displacement as
calculated at the roof of the Squillace
isolated building (Calitri 3D).
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Figure 18-a. 1st modal shape of MISS in
the fixed-base conditions with 16 masses
(Fl=1.49Hz; exp.=1.5 Hz; a=1.75).

Figure 18-b. 2nd modal shape of MISS in
the fixed-base conditions with 16 masses
(F2=2.36Hz; exp.=2.44Hz; a=2.57).

Figure 18-c. 3rd modal shape of MISS in
the fixed-base conditions with 16 masses
(F3=3.21 Hz; exp.=3.29Hz; cc=2.47).

Figure 18-d. 4th modal shape of MISS in
the fixed-base conditions with 16 masses
(F4=5.80Hz).

Figure 18-e. 5th modal shape of MISS in
the fixed-base conditions with 16 masses
(F5=8.95Hz; exp.=9.1 Hz).

Figure 18-f. 6th modal shape of MISS in the
fixed-base conditions with 16 masses
(F6=11.81 Hz).
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Figure 19. Relative displacement between the top and the base of MISS as calculated for the
isolated and fixed-base configuration with 16 masses (synthetic earthquake; 0.2 g peak).
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Figure 20. Acceleration at the top of MISS as calculated for the isolated and fixed-base
configuration with 16 masses (synthetic earthquake; 0.2 g peak).
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Figure 21. Comparison between the hysteresis loops as calculated by the MEP model during
the synthetic earthquake of figures 19 & 20 and that obtained by the static tests on single
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