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ABSTRACT

The numerical activities which are in progress in Italy in the fra-
mework of the seismic isolation studies mainly concern the defini-
tion of models for bearings and isolated structures, and their use
for test design and the analysis of experimental results.

Simple bearing models have been set up, and the development of
finite-element (f.e.) three-dimensional (3D) and 2D axisymmetric
models is in progress. Simple models have been based on the results
of single bearing tests: models formed by a spring in parallel to a
viscous damper, where both horizontal stiffness and viscous damping
vary with displacements, have been developed by ENEA. Models based
on hysteretic damping have also been developed by DISP and ISMES.

Detailed bearing models include separate elements for the rub-
ber and steel plates. A 3D model has been implemented by ENEA in the
ABAQUS code. Linear elastic calculations have been performed with
this model. The implementation of an elastic-plastic model for steel
is also being completed, together with that of a hyperelastic model
of the rubber, based on tests on specimens. Detailed models will be
validated based on measured data. They will be used for bearing
design and analysis of the effects of defects: some bearings with
artificial defects have been fabricated to this purpose.

As to the isolated structures, finite-difference programs were
set up for the analysis of such structures in the case that they can
be represented by sets of one-degree-of-freedom oscillators. The
program ISOLA includes the aforementioned simple bearing model of
ENEA, where both stiffness and damping depend on displacement and
the effects of viscous creep are accounted for. A similar program
has been based on the bearing model developed at ISMES. These models
have been successfully used to analyse the experimental results con-
cerning both isolated structure mock-ups and actual isolated build-
ings, based on the single bearing test data for both horizontal
stiffness and damping (see a separate paper).

Furthermore, f.e. models with constant viscous damping were im-
plemented by ENEA in the ABAQUS program, and were used for the ana-
lysis of the previously tested isolated structures. For buildings,
ABAQUS analysis concerns both models where a very large stiffness is
assumed for the structure also, and sophisticated 3D f.e. models of
the superstructure. The first were found sufficient to describe the
overall motion of the SIP isolated buildings at Ancona.

This paper describes the main features of the numerical models
developed and reports some first comparisons between calculations
and measurements.

-294-



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. Bonacina et al. [2] have shown that, in this framework, wide-
ranging 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, taking advantage
of collaborations established within the activities of the Working
Group on Seismic Isolation (or GLIS, see Martelli & Bettinali [1]).

The above-mentioned authors have also explained why the Italian
R&D activities are focusing at present on the use of the high
damping steel-laminated elastomer bearings (HDRBs), in particular
those used in the five isolated buildings of the SIP • Administration
Center at Ancona; finally, they have cited that this work consists
of numerical studies, in addition to experiments on isolators,
bearing materials and isolated structures.

Numerical activities mainly concern the definition of detailed
and simple models of bearings and isolated structures, as well as
their use for test design and the analysis of experimental results.

This paper describes the main features of such models and re-
ports some first comparisons between calculations and measurements.
The latter concern tests described by Bonacina et al. [2].

2. BEARING MODELS

Simple bearing models have been set up, and the development of fini-
te-element (f.e.) three-dimensional (3D) and 2D axisymmetric models
is in progress.

2.1 Simple bearing models

Simple models of bearings are necessary for the analysis of isolated
structures. Our models have been based on the results of the single
bearing tests described by Bonacina et al. [2]. These tests have
shown a highly non-linear behaviour of bearings. In particular,
bearing horizontal stiffness varied considerably with displacement;
furthermore, the energy dissipated in each cycle of the sinusoidal
tests performed depended on the maximum deformation, but was almost
independent of the rate of strain application. This result - which
implies a mostly hysteretic damping nature - agrees well with those
obtained by other researchers in the USA and Japan for similar types
of bearings, although it is valid only in the frequency range which
is characteristic of an isolated structure (a certain influence of
strain rate was detected for rubber specimens, when wider frequency
ranges were investigated).

The above-mentioned experimental evidence shows that simple
bearing models must first of all account for the variation of the
horizontal stiffness with displacement. According to Martelli et al.
[3], we obtained the horizontal stiffness at each displacement by
evaluating the secant value of the final hysteresis loop of sinus-
oidal tests (i.e. after at least two conditioning cycles):

" FR ( xmin^ / <xmax- xmin)' (1>
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where FR is the restoring force and x and x . are the maximum
and minimum values, respectively, of tne horizohrSI displacement in
the hysteresis loop.

Furthermore, the dependence of the energy dissipation on dis-
placement should also be accounted for, at least to correctly analy-
se the measured data. To this aim, two different approaches are
possible:

(a) the use of equivalent viscous damping coefficients varying
with displacement;

(b) the use of an hysteretic damping model.
Both kind of models have been developed in the framework of

this study.

2.1.1 Equivalent viscous damping model. Models consistent with the
first approach have been developed by ENEA, where such models were
used to analyse the results of all tests performed by Bonacina et
al. [2] on the isolated mock-ups and the SIP building (see Sect. 3).
In these models, according to Martelli et al. [3], the equivalent
viscous damping has been obtained, at each displacement, the
equivalent viscous damping was calculated from the results of
sinusoidal dynamic tests on single bearings as:

15,, = (Area of the hysteresis loop) / [0.5 n k. (xma -xm. )
2]. (2)

2.1.2 Hysteretic damping model. A model based on hysteretic
damping, valid for displacements lower than 100% a (i.e. lower than
the total rubber height, t ) was developed and used at ISMES by
Serino et al. ([4], based again on the previously cited results of
single bearing tests. A model based on a similar assumption had been
developed by Sand and Di Pasquale [5].

More precisely, the model of Serino et al. [4] was derived as
follows.

As shown by Bonacina et al. [2], the tangent shear modulus of
rubber, G, decreases rapidly with increasing strain r in the small
deformation range, from the initial value G , then it tends asympto-
tically to a value G^ for r increasing towards a* Thus, the two
functions G,(r) and G (r), corresponding to the loading and unload-
ing curves, respectively, can be expressed as:

G1(r) = GW + a exp [-b(r-rmin)] (3)

where G(0) = Gn = G^ + a. (5)

The parameters Gw, a and b of eqs. (3) to (5) must fixed based on
the single bearing test data.

It is noted that, at large shear strains, say at above 100% a,
an increase of the shear modulus has been observed, due to crystal-
lization under deformation of the natural rubber matrix. The
formation of crystals is extremely rapid; they disappear as soon as
strain reduces. This phenomenon has not been accounted for until
now.

The integration of eqs. (3) and (4) leads to the shear stress
curves in the loading and unloading phases. From these, the corres-
ponding correlations between restoring forces and horizontal displa-
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cement can be easily obtained considering that when a laminated
elastomer bearing is displaced by the quantity x, an uniform state
of pure shear is added in the rubber and the additional strain is
equal to r = x/t :

FR1(X) = F R < W + V ^ W ^ r + aAU-exP[-b(x-xmin)/tr]}/b (6)

" «Ml-exP[-b(xinax-x)/tr]}/b (7)

(A = cross section area). The above equations neglect the effects of
bending deformation and those of the vertical compressive load, but
they were applicable in our case, because the bearing shape factor
was sufficiently large and the axial force was well below the
critical value.

When several bearings act in parallel, as it occurs for an
isolated structure which moves horizontally without torsion, the
total restoring force is obtained by multipying those of eqs. (6)
and (7) by the number of isolators.

From eqs. (6) and (7) it is finally easy to obtain the secant
stiffness of an isolator subjected to hysteresis cycles as:

kh(X) = GwA/tr + aA[l-exp(-2bx/tr)]/(2bX), (8)

where X=(x__ -x_. )/2, and the equivalent viscous damping ratio as:
iucLX m m

aA/b {2X[l+exp(-2bX/t )] - 2t /b[l-exp(-2bx/t)
- -

G AX2/t +0.5 aAX [l-exp(-2bX/t

/ { [ p ( / )] / [ p ( / ) ] }
fi (X) = 0.5/71 - - - . (9)

The values of GR, a and b which provided the best approximation
of the test data concerning SIP bearings tested by Bonacina et al.
[2] were Gw = 0.631 MPa, a = 1.61 MPa and b = 6.3. Fig. 1 shows the
comparison between the hysteresis cycles measured for the 1/4 scale
bearings of Bonacina et al. [2] at 50% shear strain and values
computed through the above mentioned mathematical model. The first
loading analytical curve has been obtained through a similarity
transformation of ratio 0.5, thus following Masing's rule: the
agreement is excellent.

The only appreciable difference is that the model slightly
underestimates the bearing tangent stiffness at the very beginning
of a loading or unloading curves; consequently, the energy dissipa-
tion capacity of the model at small deformations is lower than that
observed experimentally. This result is confirmed by the comparison
between the analytical and the measured & (X) values: the agreement
is good for cycles of strain amplitudes equal or larger than 20%,
but B(X) decreases and tends to 0 when X tends to 0, while an almost
linear increase of £ is observed experimentally by decreasing shear
strain (Bonacina et al. [2]). The problem of having no energy dissi-
pation at zero strain is common to all hysteretic models: it may be
attenuated if a constitutive law more complicated than that given by
eqs. (3)-(5) (thus, with more than three parameters) is assumed for
the rubber.

2.2 Detailed bearing models

Detailed models include separate elements for the rubber and steel
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Figure 1: Measured and
calculated hysteresis
loops in a dynamic si-
nusoidal test of a sin
gle bearing.
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Figure 2: 3D model of SIP-type bearings (solid elements only)
modes computed for the unloaded bearing in the range [0-100 Hz].

-298-



plates. Three element sub-layers have been defined for each rubber
layer and one for each steel plate. The 3D model that is being
considered at present is formed by solid elements (8 nodes) for the
rubber, and shell elements (4 nodes) for steel plates; a previous
model consisted of solid elements only, with 15 or 20 nodes. These
models were implemented in the ABAQUS computer program.

Linear elastic ABAQUS runs were performed, to evaluate stiff-
nesses and natural frequencies of bearings loaded or unloaded by the
superstructure. Fig. 16 of Martelli & Bettinali [1] and Fig. 2 of
this paper show the first modes of the unloaded bearing: the first
two (25 Hz) correspond to shear in the two horizontal directions;
the third (26 Hz) is the first twisting mode; those at 70 Hz and 80
Hz are the second shear and twisting modes, respectively.

The implementation of an elastic-plastic model for steel is
also being completed (so as to evaluate the effects of steel plate
deformations), together with that of a hyperelastic model of the
rubber, based on the tests on specimens mentioned by Bonacina et al.
[2] (Figs. 3 and 4 show two examples of the excellent agreement
between stress-strain curves measured in the tests on specimens with
compression and tensile loads and the values obtained by approxima-
tion of the polynomial equations used in ABAQUS).

Detailed models will be validated based on measured data. They
will be used for bearing design and analysis of the effects of
defects: two bearings with artificial defects have been fabricated
to this purpose also (Bonacina et al. [2]).

3. MODELS OF ISOLATED STRUCTURES

Simplified numerical models of isolated structures have been deve-
loped at ENEA and ISMES, based on the simple bearing models descri-
bed in Sect. 2. They are being used to analyse the experimental
results described by Bonacina et al. [2], concerning both the isola-
ted rigid structure mock-ups in full- and 1/4 scale, and the isola-
ted buildings that were subjected to in-situ tests. Analysis per-
formed by use of other bearing models (elastic, elasto-plastic, im-
proved version of the Davidenkov-Martin model) have been illustrated
in a separate paper by Sand et al. [6].

Furthermore, detailed models of structures have also been deve-
loped by ENEA.

3.1 Simplified models of isolated structures

3.1.1 Models using viscous damping for bearings. A finite diffe-
rence program (ISOLA) was set-up by ENEA for the analysis of an
isolated structure in the case that this can be represented by a
cluster of one-degree-of-freedom (1-dof) oscillators. This program
solves the motion equation of such an oscillator in the case that
both stiffness and viscous damping depend on displacement. It also
accounts for viscous creep effects.

This program is being used by ENEA used for the analysis of the
above-mentioned experimental results concerning isolated structures,
based on the single bearing test data reported by Bonacina et al.
[2] for horizontal stiffness and equivalent viscous damping. Thus,
it applies the simple bearing models described in Sect. 2.1.1.

Furthermore, f.e. models were also implemented by ENEA in the
ABAQUS program for the different isolated structures (by assuming a
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very large stiffness for the SIP building also). ABAQUS runs allow
for calculations in the case of multidirectional excitation also.
However, while the dependence of bearing horizontal stiffness on
displacement can be taken into account by the program, only constant
viscous damping can be assumed until now. The consequence is that a
good agreement between calculations and measurements must be expect-
ed - especially for snap-back tests - only by use of damping values
that are considerably larger than those obtained in single bearing
tests (Bonacina et al. [2]).

Indeed, the numerical analysis of free-vibration test data
concerning the isolated structures, performed with ABAQUS by use of
the above-mentioned model, while showing that horizontal stiffnesses
(kh) are consistent with those related to single bearing tests, if
the dependence of k. on displacement is correctly taken into account
(Figs. 5 and 6), led to a good agreement between calculations and
measurements by use of a constant & value that was considerably
larger than that measured for the single bearings. (It is noted
that, in the calculations, the force-displacement curve has been
translated from the origine along the abscissae axis, of a quantity
equal to the residual displacement, so as to account for the non-
zero center of the motion cycles that is due to creep and other
phenomena - see Bonacina et al. [2]).

Anyway, the & values used in the calculations agree well with
those found experimentally for snap-back tests of the structures,
being only slightly larger than the average measured data of
Bonacina et al. [2].

The agreement with 13 values measured in the single bearing
tests was much better by use of the ISOLA program, i.e. accounting
for the dependence of both k, and & on displacement (Figs. 5 to 7).
This result was also obtainea for the sinusoidal and seismic tests
that had been performed by Bonacina et al. [2] on the 1/4 scale
mock-up (Fig. 8).

It is noted that such an agreement is good not only for the
mock-ups (which were actually formed by rigid masses), but for the
building also. This means that single bearing tests are adequate to
determine the parameters needed for the analysis of isolated
structures, provided that their dependence on displacement is taken
into account.

For the SIP building, this also means that rigid body motions
can be evaluated by use of a very simple model of the superstructu-
re: this model might be applied to evaluate the motion at the super-
structure base, thus limiting the use of detailed models of the
superstructure itself to fixed base analysis.

3.1.2 Models using hysteretic damping for bearings. A computer pro-
gram was written by Serino et al. [4] to calculate the non-linear
response of a 1-dof system with a hysteretic restoring force given
by eqs. (6) and (7), subjected to free or forced excitation. Compu-
tation of the response is performed by step-by-step integration of
the motion equation. The numerical scheme adopted is the linear ac-
celeration method, where the system total acceleration is assumed to
vary linearly, while the tangent stiffness is considered constant,
during the time increment.

When the system skips from a loading to an unloading curve, or
vice-versa, large changes of the tangent stiffness occur, which may
result in substantial equilibrium violations if a constant time in-
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Figure 5. Comparison
between the horizontal
displacement measured
for the 9,500 kN mock-
up in the most severe
snap-back test (•) and
values computed with
ABAQUS (•) and ISOLA

-.1

Figure 6. Comparison
between the horizontal
displacement measured
for the SIP building in
the most severe snap-
back test (•) and values
computed with ABAQUS (•)
and ISOLA (—).

Figure 7. Comparison
between the horizontal
displacement measured
for the 394 kN mock-up
in the most severe
snap-back test (•) and
values computed with
ISOLA (—).

-.84
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crement is used. To avoid this problem, the program automatically
reduces the integration time step when the velocity sign changes, so
as to achieve the desired level of accuracy in satisfying the
dynamic equilibrium equation.

Figs. 9 to 11 show some comparisons between the dynamic res-
ponses measured by Bonacina et al. [2] for the 1/4 scale mock-up of
the SIP buildings and those computed by Serino et al. [4]. Fig. 9
which refers to the snap-back tests at 100% a (36 mm initial displa-
cement) - shows that the model is able to predict the change in
stiffness by decreasing displacement, as well as the level of energy
dissipation, except in the final portion of the response curve, be-
cause of the already mentioned insufficient damping capacity of the
model at very low levels of deformation. Furthermore, the amplitude
of the first peak is overestimated in the numerical analysis, proba-
bly because the residual displacement of bearings should not be
taken constant during the entire test duration. (Because of creep of
the elastomer, it is reasonable to suppose that the first residual
displacement is slightly larger in the very first instants after the
mass release: this would generate a restoring force on the mock-up
smaller than that computed and thus, it would lead to a first ex-
cursion with smaller amplitude).

The computed and measured hysteresis loops which represent the
total inertia force as a function of displacement during the
previous snap-back test are shown by Fig. 10. The calculated cycles
may be almost perfectly suporposed to those observed experimentally.
Similar results were obtained for the other snap-back tests.

Fig. 11 - where the computed and measured acceleration time-
histories of the 1/4 scale mock-up are compared for the ID Tolmezzo
WE record at 0 db (see Bonacina et al. [2]) - shows the adequacy of
the model for forced excitations also. Comparisons of other response
parameters demonstrated that the model is able to accurately predict
the kinetic energy, energy absorption and total energy input, as
well as the displacement relative to the shake table; only the peak
displacement values were slightly overestimated.

The extension of the work of Serino et al. [4] to implement the
aforesaid hysteretic damping model in f.e. codes such as ABAQUS is
being considered. Furthermore, new developments of the approach of
Sand and Di Pasquale [5] are also in progress: the model defined by
them has been made more stable and bearing hardening has been intro-
duced.

3.2 Detailed models of isolated structures

In addition to the aforesaid simple models, a sophisticated 3D f.e.
model was also developed for the SIP building (Fig. 12). This work
was performed by ENEA in collaboration with the designer (Giuliani
[7]) - within the cooperative activities of GLIS - to allow for pre-
test analysis of the building, as necessary to get the permission
for the testing campaign (Bonacina et al. [8]).

As required, pre-test calculations were performed by use of the
SYSTUS program, which had already been adopted by Giuliani [7] for
the design. The building model of Fig. 12 was derived from that of
the (somewhat different and less complicated) building analysed in
the design. It is characterized by 1820 (mostly isoparametric) ele-
ments and 2740 nodes.

Pre-test calculations - performed on the VAX 11/751 computer of
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Figure 8. Comparison
between the horizontal
displacement measured
for the 394 kN mock-up
in the most severe ID
seismic test for Calitri
earthquake (o) and
values computed with
ISOLA (—).
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Figure 9: Comparison
between the displacement
time-history measured
for the 394 kN isolated
structure mock-up in the
36 mm snap-back test and
values computed with the
hysteretic damping model
of Serino et al. [4].
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Figure 10: Comparison between the hysteresis loops measured for the
394 kN isolated structure mock-up in the 36 mm snap-back test and
values computed with the hysteretic damping model of Serino et al.
[4].
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ENEA - provided results that were later found in a reasonable agree-
ment with measurements, in spite of considerable uncertainties that
still affected the data and the use of constant horizontal stiffness
and damping, which were necessary to apply methods limiting computer
time to still acceptable values (Bonacina et al. [8]). In particu-
lar, the experimental response frequencies were reasonably well
forecasted for the first deformation (bending and shear) mode of the
superstructure (5.5 Hz, against measured values of 5.4 Hz - 5.7 Hz),
together with the elevation where the deformation of the building is
minimum (fourth floor) and longitudinal building displacements indu-
ced by transverse translation.

In order to allow for a faster, more accurate, detailed analys-
is of the data measured for the SIP building, the model of Fig. 12
was recently implemented in ABAQUS, so as to enable calculations on
the IBM computer of ENEA. These calculations have already been
started by use of direct integration; a refinement of the mesh to
make it more homogeneous is in progress, so as to allow for accurate
modal analysis also, which is considerably faster (the mesh of Fig.
12, which is very detailed in the stairs section of the building
only, is not adequate for ABAQUS calculations of modes where bending
is important).

3D analysis of the test results of both houses at Squillace is
also being started by ENEA within the collaborative activities of
GLIS.

4. CONCLUSIONS

This paper has provided an overview on the numerical activities that
are in progress in Italy in support of seismic isolation development
and application. It has described the main features of detailed and
simplified models of bearings and isolated structures. It has shown

through comparisons between calculated and measured dynamic
responses of isolated structures - that single bearing tests are
sufficient to determine the data (stiffness and damping) that are
necessary for a correct analysis of such structures. However, the
dependence of these data on displacement - at least that of
stiffness - shall be taken into account in the analysis, in order to
obtain accurate results.

Finally, analysis of the isolated SIP building showed that
rigid body modes can be well calculated by use of one-degree-fredom
models of the superstructure, provided that its first bending
fraquency is sufficiently larger than the values corresponding to
rigid body modes (as it is for SIP buildings).
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