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ABSTRACT

Static and dynamic tests have been performed in Italy on high
damping steel-laminated elastomer bearings in various scales, rubber
specimens and structures isolated by means of such bearings, in the
framework of studies in progress to support seismic isolation deve-
lopment.

Tests on rubber specimens and bearings have already provided
important data (vertical and horizontal stiffnesses, damping, creep,
temperature, aging and scale effects, etc.), necessary for the
development and validation of numerical models, comparison with the
test results of isolated structure mockups and actual buildings, and
improvement of design guidelines.

Dynamic experiments of structures concerned both full-scale and
scaled isolated structure mock-ups and actual isolated buildings
(one of those forming the SIP Administration Center at Ancona, an
isolated house at Squillace, Calabria). Both snap-back tests and
forced excitation experiments were performed, to rather large dis-
place- ments. The latter were both sinusoidal and (on a 1/4 scale
mock-up) seismic, with one- and multidirectional simultaneous
excitations. Test results have already demonstrated the adequacy of
seismic isolation and have provided data useful for the comparison
with single bearing test results and validation of numerical models
for the analysis of isolated structures.

This paper reports the main features and results of tests per-
formed or in progress. Further tests planned have been mentioned in
the Status Report. Numerical analysis of measured data and guideli-
nes development have been discussed in separate technical papers.

1. INTRODUCTION

Martelli & Bettinali [1] have explained that considerable efforts
are being devoted in Italy to the development of seismic isolation
and its application to both civil buildings and industrial construc-
tions. To the aim of demonstrating the adequacy of this technique to
improve the seismic safety and performance of structures, and that
of supporting the development of appropriate design guidelines for

-143-



isolated constructions (Olivieri et al. [2]) R&D work was undertaken
in Italy by the National Agency for New Technologies, Energy and
Ambient (ENEA), the National utility (ENEL), ISMES, ALGA and
ANSALDO-RICERCHE in 1989.

The Italian R&D activities are focusing at present on the use
of the high damping steel-laminated elastomer bearings (HDRBs): they
are considered very innovative and adequate for a wide-ranging ap-
plication (including to high risk plants), and have been adopted in
most isolated buildings in Italy. Work takes avantage of national
cooperations in progress in the framework of the National Working
Group on Seismic Isolation (GLIS), as well as of international col-
laborations. It concerns both experimental and numerical studies of
isolators, bearing materials and isolated structures.

The ongoing experimental campaign includes tests at ISMES on
single isolators and isolated structure mock-ups, as well as in-situ
experiments of isolated buildings and tests on rubber specimens.
Experiments on single isolators, rubber specimens and an isolated
mock-up are also starting at the ENEA/ANSALDO Center of Boschetto
(Genova).

After some remarks on bearings used, this paper (which is an
updated summary of those of Martelli & Castoldi [3] and Forni et al.
[4]) presents the main features and results of tests performed or in
progress. Further tests planned have been mentioned by Martelli &
Bettinali [1]; numerical analysis has been discussed by Bettinali et
al. [5].

2. BEARING FEATURES

All the HDRBs adopted in the isolated buildings in Italy and those
used in our tests have been fabricated by ALGA. Most of our tests
have been based on one (the 500 mm diameter) of the two HDRB types
used by SEAT in the five isolated buildings of the Administration
Centre of the National Telephone Company (SIP) at Ancona, which are
at present the most important application of seismic isolation in
Italy. This choice was mainly due the possibility of performing
in-situ experiments on one of such buildings, and thus, to compare
the results of tests performed on single bearings to those obtained
for a real isolated structure (Sect. 5.2.1). Furthermore, detailed
acceptance tests performed by Bonacina et al. [6] on the SIP
bearings had already made very useful data available.

The basic parameter for the fabrication of the SIP bearings
(Fig. 1) was the horizontal displacement of 144 mm which was assumed
by Giuliani [7] for their design at 100% a {o = shear strain), i.e.
at a displacement equal to the total rubber height.

Several SlP-type bearings, in both full and reduced scales were
fabricated and tested (28 full size isolators, together with 22, 20
and 40 in 1/2, 1/3 and 1/4 scales, respectively). These correspond
to the original attachment solution used for bearings in the SIP
buildings, where the steel-end plates are provided with a machined
groove to restrain them.

However, 48 modified isolators (half in full scale, half in 1/2
scale) were also fabricated and are being tested: these are provided
with attachment devices - designed by ENEA - that also allow for
dowelling or bolting them, and modified rubber materials, as well
(see also Sect. 3); furthermore, they are characterized by a central
hole (which enabled a better centering of steel plates and better
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Figure la: Sketch of the HDRBs
of the SIP buildings at Ancona
[diameter = 500 mm or 600 mm;
total height = 204 mm ; total
rubber height = 144 mm (11 in-
ner sheets 12 mm thick and 2
cover sheets 6 mm thick); total
steel height = 60 mm (10 inner
plates 3 mm thick and 2 outer
plates 15 mm thick); lateral co
ver width = 10 mm; no central
hole; no holes for bolting the
isolators; bearing attachment
to the structure and basemat
provided by a machined groove
of the steel end plates].

Figure lb: Sketch of modified
SIP - type bearings designed by
ENEA [diameter = 500 mm; total
height = 202 mm; total rubber
height = 132 mm (again 11 inner
sheets 12 mm thick but no cover
sheets); total steel height =
70 mm (again 10 inner plates 3
mm thick, 2 outer plates 20 mm
thick); lateral cover width =
10 mm; central hole diameter =
30 mm (74 mm for outer plates);
8 holes for bolts at r = 200 mm
from bearing center, 6 holes at
r = 70 mm; possibility of cen;t
ral dowel and dowel + bolts].
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Figure 2: Temperature effects on stiffness, measured in specimen
shear tests of the SIP HDRB compound (•).

-145-



bonding) and by the absence of upper and lower rubber cover (Fig.
1) •

Finally two bearings (one for both aforementioned scales) were
fabricated with various artificial defects concerning bonding, so as
to enable the validation of three-dimensional bearing models (Betti-
nali et al. [5]) and check of non-destructive analysis methods.

3. TESTS ON RUBBER SPECIMENS

Tests on rubber specimens are being performed by ENEA in cooperation
with ALGA and ANSALDO, with the aim of improving fabrication
processes, controling bearing quality and determining rubber
properties.

In particular, shear tests on rubber specimens preceded all ex-
periments on bearings and isolated mock-ups. These were carried out
for all bearing batchs, to mainly measure the shear modulus of elas-
ticity (G). Two G values were determined: G-, which corresponded (as
required by existing national codes for rubber supports of bridges)
to deformations from 0 to 60% a, and G2, which corresponded to de-
formations from -100% a to +100% a. It was found that G_ is about
40% lower than G1. This result is consistent with the decrease of
bearing horizontal stiffness by increasing displacements (see Sect.
4). The scattering of G data was rather small (Forni et al. [4] and
Martelli et al. [8]).

It is noted that some differences were detected for G. with
respect to values measured for the (nominally equal) rubber of the
actual bearings used for SIP buildings (the latter being about 10%
higher, on the average). The scattering of G data was also more
limited than that found for such bearings. These results are
certainly partly due to modifications in the fabrication process,
which was completely automated after the acceptance tests of SIP
building bearings only (Martelli et al. [8]).

Tests on specimens have also been performed for new rubber
materials: the aim (which has been achieved) was to define three
HDRBs with improved rubber-steel bonding and different compounds, to
be later tested (Sect. 4). With respect to SIP HDRBs, the first
compound has a higher (10%) ultimate tensile strength and equal
creep, while the second has a better (15%) elongation (for both, the
condition of a damping decrease lower than 20% with respect to SIP
HDRBs - see Sect. 4 - has been respected); the third is a very soft
compound (SHORE A3 equal to 30-35, against a value of 60 for SIP-
type HDRBs), provided by Malaysian Rubber Producers Association to
ALGA.

Further tests on the new compounds aimed at defining a hyper-
elastic model of the rubber to be implemented in the ABAQUS computer
code for the detailed analysis of isolators (see Bettinali et al.
[5]). More precisely, following tests were performed: (a) dynamic
tests for the determination of damping; (b) quasi-static and sus-
tained compression experiments (7 days long) of cylindrical speci-
mens; (c) static tests, with tensile loads on ring-type specimens
and sustained tensile loads on dog-bone-type specimens; (d) quasi-
static, sustained (96 hours long) and dynamic shear tests; (e)
threeaxial compression tests to evaluate rubber compressibility.

Experiments on specimens formed by the compound used in SIP
HDRBs have also been performed by ALGA at CERISIE to define the ac-
celerated aging methods to be used in the analysis of aging effects
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on bearing response (Sect. 4). The extrapolation of test data to the
assumed normal temperature (T = 30 C) - by use of the Arrhenius law
- led to the following results: (a) compression tests, performed at
constant deformation and temperatures equal to 50 c, 70 C and 90 C,
indicate a relaxation of pressure equal to 50% of the initial value
after 142 years at TN; (b) elongation tests, performed in air at the
aforesaid temperatures and 600% elongation, indicate a residual
deformation of 60% after 44 years only, at T , due to more severe
oxigen attack (a longer time is expected in vacuum conditions); (c)
shear tests, performed at 90 C and 110 C, indicate an increase of G
of 33% after 110 years, at T .

Finally, tests are in progress at the Boschetto Centre for a
first analysis of both temperature (Fig. 2) and accelerated aging
effects (see also Sect. 4): it has already been demonstrated that
temperature does not produce any permanent modification of compound
features and that it has a non-negligible effect on horizontal
stiffness at the low values (Fig. 2).

4. TESTS OF ISOLATION BEARINGS

Tests of single SlP-type bearings were defined according to the
guidelines document of Martelli al. [9]. They were started by ENEA
at ISMES in June 1990, to determine vertical and horizontal stiff-
nesses, damping and failure modes, as well as the effects of bearing
scale, dynamic excitation, creep, vertical load variation and natu-
ral aging (Martelli et al. [8]). Natural aging studies will be con-
tinued in co-operation with SEAT (within GLIS activities) using
bearings placed inside the Ancona buildings, under the actual
compression load and close to those in operation, so as to subject
them to the actual aging conditions.

The following experiments have been completed: (a) tests for
the evaluation of static vertical stiffness; (b) cyclic tests for
the evaluation of static horizontal stiffness; (c) sustained com-
pression tests for the evaluation of creep effects; (d) tests for
the static evaluation of the effects of vertical load variation on
the horizontal stiffness; (e) three sets of static tests for the
evaluation of natural aging effects on stiffnesses and damping; (f)
sinusoidal horizontal excitation tests at fixed frequencies; (h) a
quasi-static cyclic failure test.

Tests for the evaluation of accelerated aging and temperature
effects will be also performed on bearings (in addition to those on
specimens, see Sect. 3) at the Boschetto Centre. Moreover, experi-
ments were performed on bearings used in an isolated house at Squil-
lace, Calabria (see Sect. 5.2.2). Finally the experimental analysis
of the effects of bearing attachment and compound features has been
started, and tests on isolators used in other buildings have been
planned, in the framework of the promotion activities of GLIS.

For bearing tests, use was made of the SISTEM machine, which
had been designed and fabricated by ENEA: it allows for static and
dynamic testing of both single bearings and a pair of superposed
isolators to rather large displacements, with one-directional (ID)
and 2D simultaneous, horizontal excitations under vertical compres-
sion load, or also - after recent modifications - tensile load (see
Martelli & Bettinali [1] and Fig. 3).

Test results so far obtained (Forni et al. [4]) have already
provided very useful information to improve the knowledge on isola-
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SISTEM (Seismic isolator TEst Machine)

TECHNICAL CARD (January 1992}

OVERALL DIMENSIONS: 5.5 x 3.5 x 2.5 m

WEIGHT: 100 kN

MAXIMUM DIMENSION OF THE ISOLATORS TO BE TESTED:

Height (mm) Diameter (mm)

- Single *: 360 700

- Sandwich: .. 310 700

VERTICAL LOAD (one actuator) **:

Force (kN) Stroke (mm) Frequency (Hz)

- Static (compression): ... 3000 90 0
- Static (traction): 1000 90 0
- Static (traction)*: 500 90 0
- Dynamic: 1000/3000 +-45 0 - 5
-Dynamic*: 500/3000 +-45 0 - 5

HORIZONTAL LOAD (two actuators) ***:

Force (kN) Stroke (mm) Frequency (Hz)

- Static* (Push-pull): 400 350 0
- Static* (Push-push): 480 350 0
- Static (Push-push): 480 1000 0
- Dynamic* (Push-pull): 400 +-350 0 - 5
- Dynamic* (Push-push): .... 480/320 +-350 0 - 5
- Dynamic (Two directional): 240/160 +-500 0 - 5

HYDRAULIC CIRCUIT:

- Capacity: 1000 1/min
- Pressure: 210 bar

* By use of an horizontal roller slide (friction coefficient* 0.003,
stroke= +- 350 mm).
** Vertical and horizontal loads can be simultaneous.
*** The actuators can be used in the same direction and same sense (push-
push), in the same direction and opposite sense (push-pull) and il two
normal directions.

Figure 3: Technical card of the SISTEM test machine after recent
modifications.

-148-



tor behaviour, test procedures and design guidelines.
Figs. 4 and 5 (where data obtained for the actual bearings

mounted at SIP building base are also reported for a matter of com-
parison) show that the simplified formulas suggested by Martelli et
al. [9] to calculate vertical and horizontal stiffnesses (starting
from bearing geometry and rubber properties) are reasonably accura-
te: this result will allow future acceptance tests to be limited to
a much lower number of bearings, with considerable economic advanta-
ges (tests on specimens are obviously rather less expensive); it
also enables the simplification of complicated studies such as those
of temperature and aging effects, for which a large use of tests on
specimens can thus be made (Sect. 3).

However, the application of such formulas requires - like in
our case - a good knowledge of rubber properties. In particular, a
correct measurement of G is essential. Also, the spread of G data
must be limited as much as possible: this makes it necessary to im-
prove the bearing fabrication process. Such an improvement, together
with that of the characteristics of bearing materials, may enhance
bearing performance, and thus safety margins with respect to the
design displacement.

The dynamic similitude was sufficiently well respected by the
response of scaled bearings (Figs. 4 and 5): this permitted a relia-
ble use of data obtained on scaled isolated mock-ups, such as those
described in Sect. 5.1.2.

Bearing damage started at about 160% a in the failure test per-
formed to date (which concerned one isolator only, without lateral
rubber cover, see Martelli & Bettinali [1]), but no collapse nor
overturning occurred even at 260% shear strain (Fig. 6). Furthermo-
re, damage might have been caused by some initial defect, due to
bearing reworking, performed to eliminate the lateral rubber cover.
Anyway, further failure tests have been planned on bearings with
better bonding features and improved geometric details of steel-
plates. (It is noted that tests carried out by the Karlsruhe Univer-
sity on the bearings to be installed at the base of the liquid gas
storage tanks in Greece mentioned by Martelli & Bettinali [1]),
which are characterized by such improvements, were successfully per-
formed at 200% a without any bearing damage before a very large
number of cycles.).

Horizontal stiffness was only slightly affected by vertical
load variation; it correctly decreased considerably by increasing
displacement, to 50% a; then it remained quasi-constant (10% decrea-
se) to 100% a; finally, it increased slightly to the excitation
level at which bearing damage started (Fig. 6).

Damping nature (Figs. 6 and 7) was largely non-viscous; equi-
valent viscous damping was similar for the various bearing scales;
it decreased by increasing excitation, to the excitation level at
which damage started (it remained larger than 10% of the critical in
dynamic tests).

The effects of dynamic excitation on damping were found more
important than those on horizontal stiffness (on which it had no
effects at 50% a and increased the quasi-static value by less than
10% at 100% a).

Creep effects due to vertical load were small (7%-8% of the
dead load deflection). No effects of natural aging have been found,
yet, after 16 months.

Finally, the first results of tests in progress on the modified
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bearings mentioned in Sect. 2 (more precisely, those provided with a
central dowel as attachment system), show a reduction of vertical
stiffness by about 20%, due to the combined effects of lower values
of shape factor, cross-section area and total rubber thickness. The-
se results have confirmed the validity of the aforesaid simplified
formulas to compute bearing stiffnesses. They have also stressed the
adequacy of the single-dowel attachment system for minimizing the
deformations of bearing end-plates.

5. TESTS OF ISOLATED STRUCTURES

5.1 Mock-up tests

The mock-ups used in the laboratory tests performed to date were
such as to only reproduce the mass of actual structures, being
characterized by very large stiffness. However, experiments on more
realistic mock-ups of isolated structures have also been planned.

Tests have already been performed on a full-scale mock-up and a
1/4 scale mock-up; experiments are also beginning on a 1/2 scale
mock-up.

5.1.1 Tests of a full-scale mock-up. The first laboratory tests
were performed in August 1990. They made use of the inertial mass of
the ISMES multiexcitation rig, supported at the base by six full-
scale bearings (Fig. 8). The use of this mass (which weights 9,500
kN) allowed for a close approximation of the actual design vertical
load (1,600 kN) that is prescribed for each of the 500 mm diameter
bearings which support the five isolated buildings of the SIP Admi-
nistration Center at Ancona (see Sect. 2).

This mock-up was subjected to snap-back tests (making use of
collapsible devices), where the initial displacements were equal to
13 mm, 30 mm, 65 mm and 85 mm (Fig. 9). The largest value corres-
ponded to about 60% c. This value - such as to hinder sliding of the
mass (which could not be attached to the steel-end plates of bear-
ings) - was sufficiently close to the design value (144 mm = 100% a)
as to provide reliable information on the behaviour of isolated
structures and demonstrate the adequacy of the snap-back mechanisms,
for their subsequent use in the in-situ tests of the SIP building
(Sect. 5.2.1).

The campaign was concluded by a second experiment at 65 mm dis-
placement to verify the reproducibility of test results.

5.1.2 Tests of a 1/4 scale mock-up. A mock-up supported by four 1/4
scale SIP-type bearings was also fabricated and tested (Fig. 10).
Its weight was 394 kN, which correctly provided a vertical load per
isolator equal to about l/16th of that present in the tests of the
9,500 kN mock-up.

This mock-up was subjected to both snap-back and forced exci-
tation experiments on the six-degrees-of-freedom shake table of
ISMES (MASTER) in February 1991 (Figs. 11 and 13). All tests were
performed with response displacements gradually increasing to 100% o
(9, 18 and 36 mm, corresponding to 25%, 50% and 100% a, respecti-
vely, were applied for snap-back tests).

Forced excitation tests consisted of both ID sinusoidal experi-
ments and seismic tests with ID, 2D and 3D simultaneous excitations
(for the two horizontal directions and the vertical): the latter
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corresponded to records of actual Italian earthquakes (1976, Friuli
and 1980, Irpinia) for rigid, medium and soft soil conditions (re-
cords at San Rocco, Tolmezzo and Calitri, respectively). Very large
amplifications of the actual ground motion were found necessary to
reach 100% o for medium soils (a factor 2.5), and especially, rigid
soils, while margins were obviously rather reduced - although exis-
ting (12%) - for soft soil.

5.1.3 Tests of a 1/2 scale mock-up. Tests on a third mock-up are
beginning (March 1992) at the Boschetto Centre. The campaign will
consist of both snap-back and forced excitation tests on a mock-up
formed by the inertial mass of SCORPIUS shake table. This mass
weights about 1,600 kN, thus, it will be supported by four 1/2 scale
SIP bearings. SIP-type, dowelled and bolted isolators will be used
(as usual, all of them will be previously characterized at ISMES on
the SISTEM machine of ENEA, see Sect. 4).

Forced excitation will be provided by the shake table, on which
various rigid masses will be mounted. Snap-back tests will be per-
formed with initial displacements increasing to about 150% a (this
is possible because the mass has been equipped so as to allow for
bolting the end plates of bearings).

5.2 In-situ tests of actual buildings

In-situ forced-excitation and snap-back tests were performed by
ISMES, mainly with ENEL funding, on one of the SIP buildings at An-
cona, in September and October 1990 (Fig. 14). These are seven-floor
buildings, 25 m high, each weighting 70,000 to 78,000 kN.

Starting in June 1991, experiments were also carried out by
ISMES, on behalf of ENEL, on both an isolated and a non-isolated
houses at Squillace, Calabria (Fig. 15). These houses are four-story
reiforced concrete space frame structures: apart from the isolation
system, they are characterized by identical sizes, mechanical
properties and construction methods (see Forni et al. [4]).

All the buildings tested will be provided with a seismic moni-
toring system.

Further tests may be carried out on other new and exixting
isolated buildings, in the framework of the promotion activities of
GLIS (Martelli & Bettinali [1]).

5.2.1 Tests of the SIP building. The SIP building of Fig. 14
weighted about 63,000 kN at the time of tests, because it was prac-
tically still "nacked". Test feasibility had been demonstrated by
the results of GLIS collaborative activities, concerning numerical
pre-test analysis of the building (Bettinali et al. [5]), and expe-
riments on the 9,500 kN isolated mockup (Sect. 5.1.1). Furthermore,
tests took advantage of the results of a numerical study, concerning
the propagation of vibrations through the soil due to the collapse
of snap-back mechanisms, which had demonstrated the absence of da-
mage induced to the surrounding houses (Forni et al. [4]).

Forced vibration tests were carried out using a 100 kN two-
eccentric mass mechanical vibrator installed on the building roof
(Martelli & Bettinali [1]). For snap-back tests, use was made of
hydraulic jacks to displace the building and collapsible devices to
release it, similar to the laboratory experiments of the 9,500 kN
mock-up. These devices were provided with explosive bolts, to ensure
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simultaneous release at all loading positions (Martelli & Bettinali
[1]).

Four snap-back tests were carried out by applying initial dis-
placements of 7.5 mm, 37 mm, 70 mm and 107 mm; the latter
(corresponding to about 75% a, see Fig. 16) was sufficiently close
to the design value. A final test was repeated by ENEA at 70 mm
displacement with a very detailed instrumentation of the building
(Fig. 17).

The in-situ experiments had been preceded by detailed accept-
ance tests of the actual bearings (Bonacina et. al. [6]) and some
further characterization tests of one of such bearings on the SISTEM
machine (Martelli et al. [8]).

5.2.2 Tests on the houses at Squillace. Both houses at Squillace
were subjected to forced excitation tests (by use of a mechanical
vibrator located on the roof) and ambient vibration measurement
(wind- and train-induced microtremors). Forced excitation was pro-
vided in the two main directions at different amplitudes.

Prior to the in-situ tests, some bearings had been characteri-
zed dynamically on the SISTEM test machine (Sect. 4).

5.3 Test results

Tests of isolated structure mock-ups and actual isolated buildings
provided essential information on the behaviour of isolated struc-
tures and isolation systems, and for the assessment and validation
of calculation procedures, in particular for the verification that
single bearing test data are applicable to the analysis of isolated
structures (see Bettinali et al. [5]).

Tests were also extremely important to demonstrate the excel-
lent performance of seismic isolation to both the technical milieu
and public opinion: a careful inspection of the SIP building after
tests' conclusion absolutely excluded any damage of the structure
and the few brick wall partitions that were already present.

5.3.1 Results of snap-back tests. In snap-back tests, the motion in
the initial displacement direction lasted a very few seconds for
both the building and the mock-ups (about 3 s ) , and consisted in
three appreciable cycles only (Figs. 9, 11, 16 and 17). The mock-up
responses indicate a quasi exclusively horizontal translation mode
in that direction after mass release; for the building, some trans-
lation in the normal direction was due to the structure asymmetry.

Residual displacements of some millimeters were always detected
at test conclusion; these were partly recovered within some hours;
their values seem not to be related to those of the initial displa-
cement, but appear dependent on the deformation history and rest
intervals to which the isolators were subjected.

Reproducibility of test results was successfully verified for
both the mock-ups and the SIP building (Fig. 17).

The first response frequency (f^) increased considerably during
motion, as displacement amplitude decreased (Figs. 9, 11, 16 and
17); for the building, the f.. values were larger than those measured
for the 9,500 kN mock-up, due to the lower mass per isolator and the
presence of mostly 600 mm diameter isolators. This behaviour is
consistent with the non-linear correlation that exists between
bearing elastic forces and displacements (Sect. 4).
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Figure 16: Displacement
time-history measured in
the most severe snap-
back test of the SIP
building (x = direction
of the initial displace-
ment, Y = transverse di-
rection, Z = vertical
direction).
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Figure 17a: Displacement
time-history measured in
the first snap-back test
of the SIP building at
70 mm initial displace-
ment (X = direction of
the initial displace-
ment, Y = transverse di-
rection, Z = vertical
direction).

Figure 17b: Displacement
time-history measured in
the second snap-back
test of the SIP building
at 70 mm initial displa-
cement (X = direction of
the initial displace-
ment, y = transverse di-
rection, z = vertical
direction).
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For similar reasons it was impossible to define an unique damp-
ing value for each entire test. The assumption of equivalent viscous
damping (J3 ) and use of the logarithmic decrement technique led to
fi values that vary from 17% of the critical (at the largest cycle)
to 20% for the full-scale mock-up, and between 16% and 20% for the
building. These values are rather larger than those obtained in the
single bearing tests, due the strong increase of fi with decreasing
displacement during each test and the hysteretic nature of energy
dissipation (Bettinali et al. [5]).

5.3.2 Results of shake table tests. Similar to the snap-back tests,
the ID horizontal seismic tests of the 1/4 scale mock-up showed that
the motion was correctly mainly limited to the excitation direction.
The shaking table and the mass acceleration time-histories obtained
by applying the San Rocco NS record at 0 db (unsealed acceleration
values) are shown by Fig. 12. The mass acceleration was obtained by
averaging the two acceleration signals recorded on the mock-up in
the excitation direction, which were almost identical.

A significant reduction of the motion through the isolation
system was obtained: peak acceleration changes from 0.667 m/s on
the shake table to 0.102 m/s on the mock-up (85% decrease). In Fig.
12, the frequency filtering effect caused by the isolators is evi-
dent: the San Rocco record has a very short predominant period, but
the mock-up responds according to its free vibration period.

Similar results were obtained for the Tolmezzo WE record at 0
db (Fig. 13). Despite the longer predominant period of the input
signal, a large reduction of the motion amplitude was still present:
the peak acceleration reduced from 3.85 m/s on the shake table to
0.425 m/s on the mock-up, thus by 90%.

Fig. 13 also shows the mock-up acceleration time-history
measured in the previous direction under the 2D excitation of the
shake table, corresponding to the simultaneous application of both
horizontal components of the Tolmezzo records. The mock-up response
is very close to that obtained during the ID test: this indicates
that 2D interaction effects on isolation bearings are very small.

Similar results were obtained in all the other 2D and 3D tests.
An immediate consequence of this result is that - in the absence of
eccentricity between the superstructure center of gravity and the
center of stiffness of the isolation system - 3D seismic analysis of
a structure isolated through HDLRBs might more easily reduced to
three ID analyses, one for each of its principal directions.

The Calitri records are characterized by longer predominant
periods, because of the soft soil conditions at the recording
location. When this earthquake is applied to the table, the
isolation system is less effective in reducing the input motion
transmitted to the structure (see also Sect. 5.1.3). For the Calitri
WE record at 1 db (acceleration values of the shake table amplified
by 12%), the mock-up responded with a peak acceleration of 0.851
m/s , against a value of 2.09 m/s at the shake table. This corres-
ponds to a reduction of about 60%, which is smaller than those ob-
tained for the other two earthquake records, but still significant.

Finally, as to the effects of input acceleration level on res-
ponse amplitude, it is noted that peak response acceleration varied
almost linearly with the scale factor applied to each input accele-
ration record in the various tests concerning each of the three
eathquakes (despite the strongly non-linear behaviour of bearings).
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5.3.3 Results of forced-vibration in-situ tests. Forced vibration
tests of the SIP building allowed for the dynamic characterization
of the superstructure: it was found - among other results - that
modes corresponding to its elastic deformations are located above 5
Hz (Fig. 18), in agreement with pre-test analysis (see Bettinali et
al. [5]); furthermore, it is worthwile noting that the relatively
large frequency corresponding to rigid body modes (about 2 Hz) was
due to the rather small excitation level, at which isolation is not
effective, yet.

Finally, tests on the two houses at Squillace confirmed the
large, beneficial effects of seismic isolation (Fig. 19).

6. CONCLUSIONS

Tests performed on high damping rubber specimens and the correspond-
ing isolation bearings have already provided useful information to
understand the behaviour of such bearings, enable the numerical ana-
lysis of isolated structures, and improve design guidelines for such
structures. The experimental analysis of the effects of temperature
and accelerated aging and the execution of further failure tests
will complete the information required.

Further tests on SIP-type bearings with modified compound and
dowelled and bolted attachments will enable the application of im-
proved bearings to important public and industrial structures, and
will provide data to begin a detailed study for optimizing bearing
performance.

The experiments carried out on structure mock-ups and actual
buildings, isolated by means of high damping elastomer bearings,
clearly demonstrated the adequacy of seismic isolation to guarantee
the integrity of the structures and their contents.

The results of such tests provided excellent data for the cha-
racterization of isolation systems, comparison with the single bear-
ing experiments and validation of numerical models for the analysis
of isolated structures. The dependence of bearing stiffness on dis-
placement was confirmed, together wth the largely nonviscous nature
of damping.
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response of the SIP
building in forced exci-
tation tests.

(a) MODULUS (ms"2/N)*10~5

0.8

0.4

0.0

(b) PHASE LAG

+ n

HA5E-C OUTEI

-r * * '

BU1LDI

/

/

/

\

V.

\
\

\

\
\

t .

' \

A
CONV. FOUNDED BUILDING

1
/ I ft11

/
\/V

12 16 20
Frequency (Hz)

Figure 19: Transfer
functions measured on
the Squillace buildings.
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