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ABSTRACT 
At -ie 1991 ASME-PVP Conference some fini experimental 

rcsuJ ii obtained from suuc and dynamic tests on HDLRBs (Martelli 
etol, 1991) ind from free and forced excitation tests on a 394 kN 
isolated structure mock-up were presented (Forni el al., 1991). In 
the present paper, the most significant test data arc reorganized and 
discussed in order to assess suitability of single bearing (est results 
to predict the dynamic response of an isolated structure. Three 
mathematical models of the single isolator having different levels 
of approximation are proposed, and their capability to estimate the 
experimental response of the mock-up is evaluated. 

It is shown that a nonlinear hysicrctic model, defined by three 
rubber parameters only, allows a very good complete simulation of 
the dynamic behavior of the isolated structure in both free and forced 
vibration tests. A simpler equivalent linear viscous model permits 
a good prediction of the peak absolute acceleration and relative 
displacement aiues if bearing stiffness and damping parameters 
arc properly selected, and can be used in a response spectrum 
analysis, bui reproduces less exactly the experimental behavior. An 
equivalent linear hyslcrelic model represents more correctly the 
actual rubber damping behavior, but gives results very sirrular to 
those obtained through the equivalent linear viscous model because 
of the practically monofrequenciaj response of the isolated seme ture. 

1 INTRODUCTION 
In the last few years, a considerable research and development 

effot has been performed in Italy to promote the use and application 
of seismic isolation. Two international conferences on the specific 
topic have already been successfully organized (University of 
Perugia. 1989; University of Ancona, 1991), and directed the 
attention of the «endemie and professional milieu on this new 
techniifue. Experimental and numerical activities began ai ENEA, 
ENEL and ISMES in 1989, and are sóli in progress. Most of them 
are today performed in the framework c f (he activities of (he Italian 
WorkingCroupon Seismic Isolation (GUS), which has now arrived 

at a mature and full-operative stage (Martelli et al., 1993). 
Until now, attention in Italy has mainly focused on isolation 

systems based on high damping steel-laminated rubber bearings 
(HDLRB). This is due to (he excellent features shown by these type 
of devices, and to the fact that they were adopted in (he construction 
of the first group of large base isolated buildings in Italy: the SIP 
Administration Center at Ancona. Forced-vibration and snap-back 
tests were performed on one of these buildings, and (he results were 
presented at the 1991 ASME-PVP Conference (Betonali et al., 
1991). The experimental work done also included tests on rubber 
specimens, static and dynamic tests on single bearings (Martelli et 
al., 1991) as well as free and forced excitation tests on three isolated 
structure mock-ups (Forni et al., 1991; Martelli et al., 1993). 

The HDLRB dev ices tested were of four different sizes, all having 
a circular cross section and a shape factor (ratio between the loaded 
and (he free to bulge area) equal to 10.4. Their diameters were 500, 
250,166.5 and 125 mm, corresponding to (he full (1:1) and reduced 
(1:2, 1.3 and 1:4) scales of the bearings used in (he Ancona SIP 
Buildings, respectively. The first isolated structure mock-up 
consisted of the inertia! mass of the ISMES multi-excitation rig, 
which weights 9,500 kN, supported at the base on six 500 mm 
diameter bearings (the vertical load acting on each bearing was thus 
very close to Ihe prescribed design value of 1600 kN). The mock-up 
was subjected to snap-back tests, in which (he mass was pushed to 
an initial displacement of 85 mm, and then released using a 
collapsible de 'ice. 

The second mock-up weighted 394 kN and was supported on four 
125 mm diameter bearings (1:4 scale), thus providing a vertical load 
on each isolator close to the design value of about 100 kN (for the 
.25 mm diameter bearing the vertical load design value is 1/16 of 
that prescribed for (he full scale device). Themock-up was subjected 
to both snap-back and forced excitation (ests on the 6-dof MASTER 
shaking table of ISMES Structural Testing and Survey Department. 
All the test* were performed at different shear strain levels in the 
rubber, up to about 100%. Forced vibration tests included: a) ID 
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FIG. 1. CROSS SECTION OF A BEARING. 

harmonic excitation at varying frequencies in the horizontal, vertical 
and torsional directions, aimed at identifying the natural periods of 
interest and the related damping values; b) seisrruc tests with ID 
horizontal. 2D horizontal and 2D both horizontal and vertical 
simultaneous excitations using three Italian earthquake records 
corresponding to rigid, medium and soft soil conditions. 

The third mock-up was recently tested at the ENEA-ANSALDO 
laboratories of Boschetto (Genova): test features and some first 
results arc reported by Martelli et al. (1993). 

The mock-ups used in the above mentioned laboratory tests had 
a very large stiffness above the isolation interface, and thus were 
able to only reproduce the mass of an actual isolated structure, bui 
not its defonr.jbiliiy in elevation. However, this corresponds to 
neglecting the higher modes above the rigid body modes 
characteristic of an isolated structure, which is usually allowed 
because they have a small influcr,...; on the global structural 
response. 

The general purpose of tests on isolated mock-ups was to 
experimentally evaluate the actual global behavior of an isolated 
system. More specifically, seismic tests on the MASTER table have 
been performed in order to analyse the influence of excitation level 
and frequency content of the earthquake, due to the different soil 
flexibility, as well as to investigate the effect of simultaneous 
application of seismic excitation in two or three directions. A further 
objective was to compare the measured response data to the resulti 
of single bearings tests, in order to evaluate to which extent the 
dynamic behavior of an isolated structure can be estimated based 
on the results of such tests. Finally, it was intended to develop 
mathematical models of the isolation system capable of predicting, 
with different degree of approximation, the mock-up response 
measured during the tests. These models would be of great 
usefulness in the design and analysis of an isolated construction. 

In this paper, experimental results obtained from static and 
dynamic tests on single bearings as well as from free and forced 
cxciiation tests on the 394 k-N isolated mock-up are presented and 
discussed. Rcfcrcr.ee is made to the 1:4 scale devices only, because 
this is the bearing size adopted to isolate the 394 kN mock-up. A 
non-linear hysteretic, an equivalent linear viscoelastic and an 
equivalent linear hystaetic model of the isolation system are then 
described, and the response predicted through such models is 
compared to measured experimental data. This allows to evaluate 
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FIG. 2. HYSTERESIS LOOPS FROM A DYNAMIC TEST. 

the capability of each model to simulate the actual dynamic 
response, and to highlight the merits and drawbacks of each model. 

2 EXPERIMENTAL RESULTS 
2.1 Teats on single bearing» 

Figure 1 shows the cToss-seciion of a 125 mm diameter bearing 
and its dimensions. The isolation device is formed by 11 high 
damping rubber layers of 3 mm height interposed by 10 str^l shims 
0.7S mm thick. Two more steel plates and external layers of rubber 
15 mm thick are present on the upper and lower base of the isolators, 
thus giving a total rubber height of36 mm (3x11 mm -(-2x1.5 mm). 
As mentioned before, these isolation devices correspond in the 1:4 
scale to the bearings used in the Ancona SIP Buildings. This was 
the largest scale compatible witn the dimensions and capacity of the 
MASTER shaking table and to the need of driving the tests up to a 
100% shear strain in the rubber, i.e. to a horizontal displacement 
equal to the total rubber height. The upper and lower base of the 
bearing are accommodated in a circular shaped insert obtained in 
two anchoring steel plates, visible in Figure 1, provided with holes 
to secure them to the foundation and to the superstructure. 

In order to evaluate the transverse stiffness and the energy 
dissipation capacity of the device, as well as their dependence on 
frequency and strain level, static and dynamic cyclic tests have been 
executed. The tests have been performed with the SISTEM (Seismic 
ISoluion TEsting Machine) equipment already described in the 
paper by Martelli a al. (1991). During the tests, an axial load equal 
to the prescribed design value of 100 IcN was applied to the bearing 
and kept constant, while a transverse relative displacement between 

. the upper and lower bases was simultaneously imposed. 
In surjc tests, the transverse displacement was applied very 

slowly (with a velocity of 25 mm/min). Two cycles up to a 50% 
maximum shear strain in (he rubber were first imposed, followed 
by three cycles with • maximum shew strain amplitude of 100%. 
For each strain level, bearing secant stiffness and energy dissipated 
were computed in (he last cycle. 

In dynamic tests, (he transverse displacement was applied 
following • sinusoidal time-history at three different shear strain 
amplitudes (50, 75 and 100%). and at three different frequencies 
(0.3,0.6 and 0.9 Hz). Each lest consisted in five complete cycles 
with (he same amplitude and frequency. 

Typical hysteresis loops obtained during a 50% shear strain 

G. Scrino el al. 

http://Rcfcrcr.ee


* i - *X 

dynamic lest is >hown in Figure 2. It can be noted that cycles 
superimpose very well to one ar.oihcr. indicating the absence of 
degrading effects. In the same figure definition of transverse sec am 
stiffness K, and of damping coefficient ò is given. The former is the 
slope of the line which connects the two points corresponding to the 
maximum and minimum displacements reached in the cycle, while 
the lauer is proportional to the ratio between the energy dissipated 
in a cycle and the maximum stored elastic strain energy, supposing 
the stiffness tc be equal to the secant value. 

The values of secant stiffness and damping coefficient obtained 
from static tests at the two different strain levels (y= 50 and 100%) 
on the 1:4 scale bearings arc reported in Tab!e 1. Six different 
bearings of the same size, manufactured using the same rubber 
batch, were tested: values given are the arithmetic averages for each 
strain level. It can be noted that both stiffness and damping decrease 
when shear strain amplitude increases from 50 to 100%. 

Table 2 shows the results obtained from the dynamic tests on the 
same isolators. One bearing on) was tested for each of the two 
frequencies / = 0.3 and / = 0.9 Hz. while three different bearings 
were tested at /= 0.6 Hz. For the last frequency, the average secant 
stiffness and damping coefficient from the three tests arc given in 
the table. Again, it is clear that stiffness and damping decrease with 
increasing shear strain, though a small increment of stiffness is 
observed from 75 to 100% shear strain in some tests. This can be 
ascribed to the rubber crystallization phenomenon, which occurs at 
high strain level, causing a strain hardening effect on the elastornei ic 
material, and thus an increase of the bearing stiffness. The formation 
of crystals is extremely rapid, and they disappear as soon as strain 
is reduced. Furthermore, Table 2 shows that as frequency rises from 
0.3 to 0.9 Hz, secant stiffness is reduced and damping coefficient 
grows, though not significantly. In the last row, for each shear strain 
level the average values relative to the three different frequencies 
are indicated 

Similar results were obtained from the static and dynamic tests 
on the bearings of the other three scales. 

2.2 Snap-back tests on the 394 kN mock-up 
The 394 kN isolated mock-up was assembled directly on the 6 

d.o.f. MASTER shaking table of ISMES Dynamic Laboratory 
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FIG. 4. DISPLACEMENT IN 36 MM SNAP-BACK TEST. 

(Figure3). It was formed by three reinforced concrete blocks, tightly 
connected to one another and to a very rigid steel frame, to which 
the upper bearing restraint plates were soldered. The mock-up 
measured 3.5x3.5 m1 in plan and had a total height of 1.2 m. 

Snap-back tests were performed with the shaking table kept 
steady. The mock-up was pulled towards a fixed stiff frame located 
outside the table, visible in Figure 3, by means of a hydraulic jack 
acting at an elevation corresponding to the mass center of gravity. 
After reaching the desired displacement, the mass was released 
using a mechanical uncoupling device. Three snap-back tests were 
performed, at an initial displacement x, approximately equal to 9 
mm. 18 mm and 36 mm, which correspond to initial shear strains 
in the rubber y. of 25%, 50% and 100%, respectively. 

The instrumentation network installed to record mock-up 
response during snap-back tests ana the location of single 
transducers was designed so as to be able to completely describe 
the 3D motion of the mass, considered as a rigid body. Three 
displacement transducers to delect the morion in both horizontal and 
vertical directions were placed at each bottom comer of the mass 
on the same side of the applied pulling force. A seventh displacement 
transducer in the vertical direction was positioneil on the opposite 
side. Furthermore, a three-axial accelerometer was located at the 
center of the top side of the mass, for a more complete description 
of the mobon and to check the reliability of the displacement signals. 
The pressure in the jack, thus the applied force, was recorded during 
the entire pulling phase. 

Figure 4 shows the displacement time-history in the direction of 
the applied pulling force recorded during the most severe snap-back 
test, i.e. the one from an initial displacement of 36 mm, 
corresponding to a 100% shear strain in the rubber. The signal has 
been obtained taking the average of the two displacement 
time-historic; recorded in the same direction at the two bottom 
comers of the mass, which were anyhow very similar one to the 
other. This fact, together with (he observation that the displacements 
in the other horizontal direction were almost negligible, indicates 
that the mock-up practically moved only in (he same direction as 
the applied pulling force after mass release. Analysis of 
displacement signals in the vertical direction indicated i very small 
amount of rocking around a horizontal axis normal to loading 
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TABLE 1 - AVERAGE SECANT STIFFNESS AND 
DAMPING COEFFICIENT FROM STATIC TESTS 

ON 1:4 SCALE BEARINGS 

K, [kN/m] 

^ 5 0 % ^-1C0V. 

30S 265 

6[ 

Y*50% 

12.4 

%] 1 

Tw100%| 

10.3 1 

TABLE 2 - AVERAGE SECANT STIFFNESS AND 
DAMPING COEFFICIENT FROM DYNAMIC TESTS 

ON 1:4 SCALE BEARINGS 

/ [Hzl 

0.3 

0.6 

0.9 

[ aver. 

^ 0 % 

298 

295 

257 

283 

K, [kN/m 

Y»75% 

287 

282 

236 

268 

Y-100% 

301 

282 

243 

275 

> 5 0 % 

13.3 

14.3 

17.7 

15.1 

5[%] 

7-75% 

11.2 

12.8 

14.4 

12.8 

•p. 100% 

10.2 

11.7 

13.2 

11.7 

direction. 
As expected, the curve in Figure 4 indicates a free damped 

response, with a significantly high value of damping. The motion 
ceases a few seconds after mass release, and only three or at most 
four complete oscillations are clearly visible. The figure shows a 
decrease of time interval between two subsequent peaks during the 
oscillation: this is due to the non-linear behavior of the isolators, 
which display an increasing horizontal stiffness with decreasing 
displacement. Another immediately apparent effect is the 
incomplete recovery of the initial deformation at the end of the 
oscillations: immediately after the test the mock-up does not come 
back to the position corresponding to zero displacement, bui a small 
residual displacement is observed. This has to be attributed to creep 
in the rubber, and is due to bearing attachment type and to the fact 
that the initial displacement was applied very slowly (with a velocity 
of approximately 18 mm/min), see Martelli ti al. (1993). Under the 
action of an earthquake the strain rate in the rubber is much higher, 
and practically no creep would occur. As a matter of fact, really 
negligible residual displacements were observed after seismic 
excitation tests performed on shaking table. 

The acceleration time-history in the direction of the applied 
pulling force is displayed in Figure 5. Compared to the relative 
displacement decaying curve, the acceleration time-history has a 
180' phase lag, but a similar shape, and not more than four complete 
oscillations are clearly visible. In Figure 6, inerti» force acting on 
the mock-up in the direction of the applied force is plotted as • 
function of horizontal displacement. The inertia force is obtained 
from the acceleration signal, and corresponds to the total restoring 
force developed by the four bearings. The shape of the hysteresis 
loops is very 'similar to that obtained during the cyclic tests 
performed on single bearings by applying a harmonic horizontal 
displacement (Figure 2), though in subsequent cycles the 

TABLE 3 - RESULTS FROM SNAP-8ACK TESTS 
ON THE 394 KN ISOLATED MOCK-UP 

x, [mm] 

9.6 

19.6 

35.1 

•&[%] 

26.6 

54.4 

97.5 

r,[s] 
0.837 

0.943 

1.043 

K, [kN/m) 

556 

438 

358 

M*] 
19.4 

19.4 

18.9 

TABLE 4 - RESULTS FROM HARMONIC SWEEPING 
TESTS IN HORIZONTAL DIRECTION 

ON THE 394 KN ISOLATED MOCK-UP 

x, [mm] 

1 

2.3 

4 

7.5 

/.[Hz] 

1.14 

0.97 

0.92 

0.86 

*,[-] 

4.20 

4.75 

4.55 

4.93 

TÌ%1 

11.7 

30.3 

50.6 

103 

X,[kN/m] 

506 

366 

330 

288 

B[%] 

11.9 

10.5 

11.0 

10.2 

displacement amplitude decreases, thus producing an increase of 
system stif fhess. Results very similar to those shown in the Figures 
4 to 6 have been obtained for the other snap-back tests from a lower 
level of initial deformation. 

Table 3 indicates the average value 7", of the period in Ihe first 
three oscillations after mock-up release. This allows to compute the 
stiffness of the whole isolated system, and thus, divided by four, the 
single bearing s tif mess Ky The average equivalent viscous damping 
ratios during the first three oscillations B, have also been calculated 
using the logarithmic decrease technique, and tare given in the table. 

2.3 Harmonic sweeping lasts on the 394 kN mock-tip 
The harmonic excitation tests on the 394 kN isolated mock-up 

were performed applying to the table a sinusoidal displacement of 
constant amplitude and slowly increasing frequency, separately in 
one horizontal and in the vertical direction, then also a torsional 
rotation. The upper and lower limits of the frequency interval 
considered in each test were chosen so that the expected natural 
frequency of the isolated system would certainly have been inside 
the interval. The lest in the horizontal direction was repeated at four 
different displacement amplitude levels, chosen so as to obtain shear 
strains in the bearings close to 10,25, SO and 100%. This was done 
in order to evaluate, from the analysis of the response, the influence 
of deformation level on stiffness and damping. 

Harmonic excitation tests were performed after snap back tests. 
Three displacement transducers and a three-axial accelerometer 
were added to record the motion of the table itself. Le. below 
isolators. Transducers located above (he isolators detected the 
displacements relative to the table, while acceleromeiert measured 
absolute accelerations. 

Figure 7 shows magnitude and phase lag of displacement transfer 
function from base of the shaking table to mock-up during the 100% 
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RG. 5. ACCELERATION IN 35 MM SNAP-BACK TEST. 
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FIG. 6. HYST. LOOPS IN 36 MM SNAP-BACK TEST. 

shear strain harmonic excitation lest. The two curves indicate a 
typical single d.o.f. system behavior, and allow to evaluate the 
resonant frequency of the isolated structure and the amplification 
ratio. The mock-up practically moved in the excitation direction 
only, with negligible transverse, vertical and rocking motion. 

Table 4 summarizes the results obtained during the four tests with 
excitation in the horizontal direction. For each test the amplitude of 
the imposed shaking tablr displacement x„ the resonant frequency 
/, and amplitude ratio at resonance A, are reported. The imposed 
displacement multiplied by the amplitude ratio gives the relative 
displacement between the isolated mock-up and the base of the table 
at resonance; this, divided by the total rubber height (36 mm), is 
equal to the shear strain in the bearing y. From the resonant frequency 
and the value of the inenial mass, the stiffness of the whole isolated 
system is obtained, thus that relative to the single bearing K,. Half 
the inverse of the amplitude ratio gives the equivalent viscous 
damping ratio p, reported in the last column of the table. 

2.4 Sarnie tefl? on tin 394 KN mocK-vp 
Three complete sets of acceleration records obtained at different 

recording stations during recent Italian earthquakes were used for 
the seismic tests: the San Rocco and Tolmezio recordscf the 1976 

U ui or 
FREQUENCY (Ki) 

1.29 

FIG. 7. HARMONIC EXCITATION TRANSFER FUNCTION. 

U M HOCCO MS 

IE 
Orlj lru i w o r d Orna axes shrinked by • (actor 2 

FIG. 8. ACCELERATION RECORDS OF SEISMIC TESTS. 

Friuli earthquake, and the Calitri record of the 1980 
Campano-Lucano (Irpinia) earthquake. The records were processed 
by ENEA, through an adequate band-pass filler, then 
ins trumeru-correc ted to eliminate the errors inherent to the recording 
process. During the tests, the shaking table was controlled through 
accelerations instead of displacements, because the correction 
procedure gives an acceleration time-hislory which is more reliable 
than the displacement one. Due to the excellent control system of 
the MASTER table, the actual table acceleration time-histories were 
always very close to those prescribed, especially in the low 
frequency range of interest. 

To conserve the ratio between the inertia forces acting on the 
mock-up and the restoring forces in the isolators corresponding to 
a structure isolated using full-scale bearings, the time scales of the 
act deration records were contracted by a factor of 2, equal \o the 
square root of the geometric scale factor (Schuring, 1977). 
Accelerograms were applied in one horizontal, and also in both 
horizontal and both two horizontal and vertical directions 
simultaneously, to obtain data regarding the bi- and tri-axial 
interaction effects on isolation bearings. Moreover, to study the 
non-linearity of the response, each test wis repeated more times, 
scaling the acceleration values at different levels (from -20 up to IS 
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dB, corresponding so scaling factors from 0.1 to i.62). 
Figure 8 shows the SS components of the thn-r acceleration 

records used in the JTSLS. already scaled by a facto; 2 on the une 
axis, while the acceleration ordinate* are thoscof the original record 
(0 db signal). The same time and acceleration scales have been used 
for the three records, in order to stress the differences in terms of 
intensity and frequency content The San Rocco sign-i represents m 
short duration event with a very high frequency content» ToLrr.c7.zo 
has a higher intensity and intermediate frequency content, •*• hile 
Califfi is characterized by lower frequencies and a very long 
duration, as it corresponds in fact to two successive distinct events. 
The different frequency content is also evidenced from the 
acceleration response spectra of the three records (Figure 9). 
computed for a 5% viscous damping ratio. The predominant periods 
of the three factor 2 scaled records - i.e. the period values 
corresponding to the maximum specoli ordinatcs - are 0.05. 0.15 
and 0.65 s, respectively. As mentioned above, the different 
frequency contents are mainly due to different soil flexibilities at 
the recording sites: San Rocco, Tolme/jo and Calieri records 
correspond in the order to a rigid, medium stillness and relatively 
soft soil. 

For seismic tests, the recording instrumentation already used 
during snap back and the harmonic excitation tests was further 
improved. Another displacement transducer and four more 
acceleration channels were placed on the mass, so as to be able to 
describe its 3D motion not only in terms of displacement but also 
of acceleration. 

Similar to snap-back and harmonic excitation tests, in the ID 
horuonul seismic tests the mock-up also practically moved in the 
excitation direction only. Shaking tabic and mock-up acceleration 
time-histories obtained by applying the 1D San Rocco NS record at 
IS dB (original record acceleration values amplified by 5.62) are 
shown in Figure 10. The isolated structure acceleration has been 
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 <yslcm 
is observed: peak acceleration reduces from 4.55 m/s1 on the tabic 
to C.359 m/s' on the mock-up, with a decrease of 92%. In the figure, 
the frequency filtering effect caused by isolators is also immediately 
apparent the San Rocco record has a very short predominant period, 
but the mock-up responds according to its free vibration period. 

Similar results are obtained for the 1D Tolmezzo NS record at 8 
dfi (scaling factor 2.51), as can be seen in Figure 11. Despite the 
longer predominant period of the input signal, a large reduction of 
the motion amplitude is still present, and the peak acceleration is 
reduced from 8.43 m/s1 on the table to 1.27 m/s' on the mock-up, 
corresponding to a 85% decrease. 

The Calieri record is characterized by a longer predominant 
period, because of the flexible soil condition at the recording station. 
When this earthquake is applied to the table, the isolation system is 
less effective in reducing the input motion transmitted to the 
structure. For the 1D Cali tri NS record at 1 dB (scaling factor 1.12), 
the mock-up responds with a peak acceleration of l .16 m/s', versus 
a pe?k table acceleration of 1.99 m/s1 (Figure 12). This corresponds 
io a 42% reduction, which is smaller than those obtained for the 
other two earthquake records, but still significant. 

As said above, each seismic test was repeated more times scaling 

TABLE 5 - RESULTS FROM SEISMIC EXCITATION 
TESTS ON THE 394 KN ISOLATED MOCK-UP 

Applied record 

San Rocco NS -6 dB 

San Rccco NS 0 dB 

San Rocco NS 6 dB 

San Rocco NS 15 dB 

Tolmezzo NS -20 dB 

To!mezzoNS-12dB 

Tolmezzo NS -6 dB 

Tolmezzo NS 0 dB 

Tolmezzo NS 6 dB 

Tolmezzo NS 3 dB 

CahtnNS-12dB 

CalitriNS -10 dB 

Calitri NS -4 dB 

Calitri NS 1 dB 

{m/slJ 

0.338 

0.667 

1.38 

4.55 

0.318 

0.7B3 

1.65 

318 

7.14 

8.44 

0.425 

0.560 

1.09 

1.99 

[m/s'l 

0.083 

0.095 

0.164 

0.343 

0.139 

0.238 

0.323 

0.553 

1.07 

1.27 

0.319 

0.381 

0.613 

1.15 

[mm J 

0.639 

0.968 

2.25 

5.74 

1.66 

3.60 

6.70 

14.6 

30.5 

35.9 

6.82 

8.56 

16.9 

32.7 

1.3 

2.7 

6.3 

1P.9 

4.7 

10.0 

18.5 

40.6 

84.7 

99.7 

18.9 

23.8 

46.9 

90.8 

the applied record at different excitation levels. Table 5 summarizes 
the results obtained during the seismic excitation tests in one 
horizontal direction only (ID tests), carried out usLig the 
acceleration records in Figure 8. For each test, the peak acceleration 
values recorded on the table, xlmt, and on the mock-up, (x, + . ( )_ , 

are given, as well as the peak relative displacement between the 
mock-up and the table base, xmmr and the corresponding shear strain 
in the isolators, y«„. 

Despite the typical non-linear behavior of isolani.:, oearings, 
comparison of the mock-up motion under the same earthquake 
record, wi:h acceleration values scaled by different factors, has 
shown that peak values of the response vary almost linearly with 
the scaling factor. This is shown in Figures 13 and 14, where peak 
values of the mock-up absolute acceleration and of the 
structure-table relative displacements, respectively, are plotted 
versus peak table input acceleration. Due to the different frequency 
contents of records, for a given table acceleration, the isolated 
system response is very small for the Sin Rocco signal, more 
significant for the Tolmezzo one, and even more considerable for 
Calitri. 

As already mentioned, some of the tests were repeated also 
applying, at the same lime, the other horizontal component of the 
acceleration record (2D tests) and both the horizontal and the vertical 
components simultaneously (3D tuts). The results obtained clearly 
indicated that the mock-up response in one horizontal direction was 
almost unaffected by the concurrent action of the other transverse 
component, or of the vertical one. This indicates that biaxial 
interaction effects on the isolation bearings are very small, and 
represents an important outcome of (he experimental campaign. As 
an immediate consequence of this finding, it is correct to say thai a 
3D earthquake analysis of a structure isolated through HDLRBs, in 

7 G. Scrino ci ai. 
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shsence of in eccentricity between -ha s jpenanxture cer.ter of 
gravity arvl the center of stiffness of the isoliÈon systcìn. may be 
morecasily reduced to three ID analyses, cr.c for cachof its principi! 
directions. 

3 ANALYTICAL MODELS FOR ISOLATED STRUCTURE 
It is common practice to design an isolated construction so that 

the structure above the isolation interface is much more rigid than 
the isolation system itself, and its resisting elements remain elastic 
under the action of the design earthquake. On the contrary, we have 
mentioned thai isolators are characterized by a fairly significant 
non-linear behavior in their common working conditions also. In 
the formulation of an analytical model for an isolated structure 
capable of predicting its earthquake response, the most difficult 
elements to be represented arc therefore the isolation devices. 
Because of this, a fundamental step is the choice of a mathematical 
characterisation ut isolators, which has to be at the same time 
sufficiently accurate to simulate the experimental behavior and 
simple enough to be easily handled. The avail ability of experimental 
dna from the tests on single bearings and on the 394 kN isolated 
mock-up represents an excellent opportunity for the specification 
of such models. 

The experimental results presented in the previous paragraph 
indicated the absence of interaction effects in the different excitation 
directions for 394 kN mock-up isolated with HDLRBs. Due to the 
very large rigidity of the concrete block in comparison with the 
isolation system, the isolated mock-up can therefore be modeled as 
a single d.o.f. system. For a correct reproduction of the non-linear 
behavior of isolators, a non-linear force-displacement 
representation should be used, and Ms would imply a step-by-step 
integration of the equation of motion for the evaluation of the 
structural seismic response. 

It is however common practice in the design of an 
earthquake-resistant construction lo specify the earthquake 
expected at the site in terms of a design response spectrum. This 
provides the peak response of a viscoeiastic single d.o.f. system to 
the expected earthquake. It w^uld then be useful to model in such 
a simplified way the force-displacement behavior of the isolation 
interface. Of course, because of the intrinsic non-linear properties 
of isolators, the viscoeiastic model has to be an equivalent linear 
one. 

Furthermore, static and dynamic tests on single bearings indicated 
a limited influence of the excitation frequency on the energy 
dissipated in a cycle, thus the damping behavior of isolatore is 
certainly closer to the hysieretic than to the viscous representation. 
An equivalent linear hystereiic model of the isolation system would 
therefore also be of interest, although viscous damping, not 
hysleretic damping, is considered when design response spectra «re 
prescribed. 

In the following sections the three above mentioned (non-lir.ear 
hysleretic, equivalent linear viscous and equivalent linear 
hysleretic) analytical models of the isolation sysem are defined, 
and compared to each other in terms of capability to simulate the 
experimental response. 

3.1 Non-llnoar hygiarallc model 
The observation that the energy dissipated in a cycle is almost 

-20 -10 0 10 20 
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FIG. 15. NON-LINEAR HYSTERETIC MODEL LOOPS. 

independent of the rate of strain application is in agreement with 
the results obtained by other researchers in the USA and Japan on 
high damping elastomeric bearings (Tajirian et al., 1990; SMiRT 
II. 1991). Actually, this is in intrinsic property of the carbon 
black-loaded natural rubber vulcenizaies if the attention is limited 
to the frequency range characteristic of an isolated construction. 
Dynamic shear tests performed on small rubber specimens (Martelli 
ci al.. 1993) show hysteresis cycles with practically no material 
degradation. The tangent shear modulus of the material G, decreases 
with increasing strain y, rapidly in the small deformation range from 
the initial value G„ then it lends asymptotically lo a value C_. Based 
on this experimental evidence, the variatior.of G, with y is expressed 
by the following two equations, valid for the loading and the 
unloading curve: 

loading: G,(Y)=^=C.+ae"* ( ,"W (1) 
°y 

unloading: Giy)s —=G_+ae"*<x"*~* (2) 
»T 

where C(0) = G. = G.+a. These expressions do not take account 
of the previously mentioned rubber crystallization phenomenon, 
which starts occurring around 100% shear strain, because of the 
generally lower strain levels reached during tests. Integrating (1) 
and (2), the shear stress is obtained for the loading and unloading 
curves: 

t(Tf) = t(Y«)+C^y-y1_)+J[i_e-*''-W] (3) 

When • laminated elastomeric bearing is displaced horizontally 
by • quantity x, a uniform stale of pure shear is added in the rubber, 
and the addi rioni! strain is equal to y *x/t„ where /, is the total rubber 
thickness. Denoting (he cross-sectional area of the isolator with A, 
the horizontal restoring force acting in the bearing is then given, for 
the loading and the unloading curves, by: 

8 G. Sénno el al. 
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f a W ^ a ^ — C x ^ - x ) - ^ , . ^ - ] (6) 

The above equations neglect the effects of bending deformation 
and vertical compression load, bui czn be successfully applied if 
shape factor of bearings is sufficiently high and mill force is well 
below the criccai load: both conditions axe verified in our case. 
When more that one bearing act in parallel as it happens in an 
isolated structure which moves horizontally without torsion in the 
isolation system, the total restoring force is equal to thai generated 
in each isolator multiplied by the number of bearings. 

The values of rubber parameters C_ a and b which allow the best 
prediction of the dynamic behavior observed during the laboratory 
tests on single bearings are: 

C . = 0.63lMPa a = 1.6IMPa t = 6 . 3 0 

Figure IS shows the comparison between hysteresis cycles 
obtained during the dynamic sinusoidal test on a l :4 scale bearing 
al a shear strain amplitude of 50% already represented in Figure 2, 
and the cycle predicted through equations (S) and (6) using the above 
values of C_ a and b. The first loading analytical curve has been 
obtained from the cyclic loading curve through a similarity 
transformation of ratio 05, thus following Masing's rule. The 
agreement between the experimental and analytical curves is 
excellent, and results ax the same level of accuracy have been 
obtained for the dynamic sinusoidal tests on bearings of other scales 
adopting the same values for rubber parameters. 

From equations (5) and (6) it is possible to derive the secant 
stiffness of an isolator subjected to an hysteresis cycle of shear strain 
amplitude y. This is given by: 

while the energy dissipated in one cycle and the corresponding 
damping coefficient are: 

^^[w+^-lv-'»')] (•) 

«*-^53''-^ (7) 

- i ftft i gfr«~-*H(i-c-*)] 

Th» nan-linear hysieretic model secant stiffness and damping 
coefficient versus maximum imposed shear strain are compared in 
Figure 16 and 17-fwith the experimental results obtained in the tests 
where displacement at constant amplitude was applied to the 
isolators (static and dynamic tests on single bearings an.' harmonic 
sweeping tests on the 394 kN mock-up). The experimental values 
reported in the figures are those already given in Tables 1.2 and 4. 
For dynamic single bearings tests, the average values for the three 
testing frequencies indicated in the last row of Table 2 have been 
used. 

Exarninarion of Figure 16 clearly indicates the excellent 
capability of the non-linear model to represent the bearing secant 
stiffness. It is worth pointing out that, although the experimental 
values have been obtained through three distinct testing procedures 
carried out with two different testing equipment (SISTEM machine 
and MASTER shaking table), they are ail very close to the model 

. curve. A Iowa degree of accuracy U observed for damping 
coefficient, see Figure 17. For shear strains below 20%, the model 
gives damping coefficient values decreasing to zero with decreasing 
deformation in the rubber, which is in contrast to the experimental 
data. Tne problem of having no energy dissipation at zero strain is 
common to all hysieretic models (Wen, 1976), and may be 
attenuated if aconsdtuove law more complex than that indicated in 
(1) and (2), thus with more than three parameters, is assumed for 
the rubber. 

3.2 Equivalent Untar vlacoua modal 
The force-displacement representation for the equivalent linear 

9 G. Scrino a al. 
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viscous model of Lhe single be.ari.-ig ca-i be eiprcsseii ihrcugh the 
complex relation: 

F , ( - 0 = * w f l - « - i - 2 P - I - J c (10) 

where K^ is the equivalcr.1 stiffness, i the imaginary unit. fJ the 
viscous damping ratio, u the circular frequency of the considered 
harmonic and u, the natural circular frequency of the isolated 
structure. It should be noted thai the equivalent linear viscous model 
of the single isolator is defined in relation to the mass Si of the 
isolated structure, as in the case of a 1D response si, = sn^K^lM, 

with r.t equal to the number of bearings. Equation (10) indicates thai 
the imaginary part of the forte, which represents the damping 
component, increases linearly with u. thus the same occurs for the 
energy dissipated in one cycle. The force-displacement loop is an 
ellipse with one principal axis inclined of (an1 AT̂ . with respect to 

the displacement axis, and the width of the ellipse along the other 
principal axis is proportional to co. Applying the relation in Figure 
2, it is easy to sec that the damping coefficient 6 is related to viscous 
damping ratio p through: 

5 = p - - (11) 

As the model is an equivalent linear one, the parameters K„^ and 

P arc related to shear strain level. The numerical analyses carried 
out have indicated that, when constant amplitude cycles are imposed 
on isolators, as it happens during sialic and dynamic tests on single 
bearings and harmonic sweeping tests on the isolated moclc-up. K^ 
can be assumed equal to the K,(fl values given by equation (7) and 
plotted in Figure 16, where y is the amplitude of shear deformation. 
Whereas, when bearings are subjected to cycles of different 
amplitudes (this is the case of snap Dack and seismic excitation tests 
on the isolated mock-up), the same curve can stall be used, bui 
stiffness values have to be amplified by an appropriate factor and y 
has to be taken equal to peak shear strain in the rubber > _ . as the 
equivaler.! linear stiffness in this case must necessinjy be larger 
than that of the maximum amplitude cycle. The procedure adopted 
for the evaluation of the amplification factor is explained beow. 

Regarding f) values, numerical analyses have clearly indicated 
that the curve in Figure 17 is inadequate lo repre<enl shear strain 
dependence of viscous damping ratio, and that a unique connection 
between shear strain and (J cannot be found. The values of viscous 
damping ratio which best simulate the mock-up snap-back response 
arc in the range 17-20%, and are much larger than those found more 
adequate for seismic excitation tests, which vary from 2.7 to 12.7%. 
A certain influence of earthquake time-history on f) has also been 
noted. This represent a limit o f ihc equivalent linear viscous model. 

Anyway, i viscous model in which the experimental dependence 
of both stiffness and damping ratio on displacement obtained from 
single bearing tests is included, as well as creep effects, was able lo 
more correctly simulate the damping behavior of the isolated 
mock-ups (Martelli el al., 1993). 

3.3 Equivalent linear hvatereHc modal 
In the case of the equivalent linear hysteretic model, the 

force-displacement relation for the single bearing is given by: 

F1(x) = it:is--(I + i -o)-x (12) 

where/f^ is the equivalent softness and a is the hystexeiic damping 
factor. Because of the absence of the <i>, term in equation ( 12), the 
factor a represents an intrinsic property of the isolator and does not 
depend on the mass of the isolated structure, contrary to the 
equivalent linear viscous model. The imaginary pan of the force, 
thus the energy dissipated in a cycle, are independent of u. The 
force-displacement loop is soil an ellipse with one principal axis 
inclined of tan'1 Kt>m but its width is independent of u. The relation 
between damping coefficient and the hystcetic damping factor is: 

6 - f (13) 

4 ANALYTICAL MODELS RELIABILITY 
4.1 Non-llnsar hysteretic mod»! 

A computer program to compute the non-linear response of a 
single d.o.f. system with a hysterctic restoring force given by 
equations (S) and (6) subjected to free or forced excitation has been 
written. Computation of the response is performed numerically by 
step-by-step integration of the equation of motion. The numerical 
scheme adopted by the program is the linear acceleration method, 
in which the system total acceleration is assumed lo vary linearly, 
while the tangent stiffness is considered constant, during the time 
increment. When the system skips from a loading lo an unloading 
curve, or viceversa, large changes of the tangent stiffness occur, 
which may result in substantial equilibrium violations if a constant 
time increment is used. To avoid this problem, the program 
automatically reduces the time interval of integration when the 
velocity sign changes, so as lo achieve the desired level of accuracy 
in satisfying the dynamic equilibrium equation. 

The mock-up displacement response during snap-back test from 
36 mm computed by the program is compared to that actually 
recorded in Figure 18a. A constant residual displacement equal io 
that observed just after the end of the oscillations has been 
considered in the numerical simulation. The non-linear hysteretic 
model is able to predict the change in stiffness with decreasing 
displacement as well as the energy dissipation, except in ihe final 
portion of the response curve because 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 (he simulation: this has been observed for the 
equivalent linear models also, as shown in next paragraph, and may 
be explained considering that residual displacement should not be 
assumed constant over the entire duration of the test. Because of 
creep behavior of the elastomer, it is reasonable io suppose that 
residual displacement is slightly larger in the very fust instants after 
release, generating a restoring force on (he mock-up smaller that 
computed by (he model, thus producing a first excursion of smaller 
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amplitude. 
The comparison between the non-linear hystactic model and 

experimental response in terms of acceleration (Figure 18b) 
confirms the model capability to simulate the mock-up snap-back 
behavior, except when motion starts becoming very rmall. Plotting 
the analytically computed inertia force as • function of 
displacement, the hysteresis loops shown m Figure 18c we obtained. 
It can be seen thai cycles match very well those observed 
experimentally. Similar results have been obtained in the simulation 
of the other two snap-back tests. 

The acceleration time-histories of the mock-up subjected to the 
1D San Rocco NS record u 15 dB. the ID Tolmeuo NS record at 
8 dB and the ID Calitri NS record at 1 dB obuined through the 
non-linear hysteretic model are compared to those «cruelly recorded 
in the Figures 19 to 21. The agreement between the simulated and 
experimental curves is always very good, confirming the reliability 
of the model. 

Numerical correlations between the non-linear hysteretic model 
and experimental data hat been performed for all the ID NS tests 
in Table 5, considering not only absolute acceleration but also other 
response quantities, though they will not be shown h a e for 
conciseness. They indicate dial, except at very small levels of 
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deformation, the model is able to accurately predict not only 
acceleration response, but also relative velocity and displacement, 
as well as kinetic energy, energy dissipation and total energy input. 
Nevertheless, for the seismic tests at the highest level of excitation, 
a residual relative displacement larga than that actually recorded 
is observed in the simulation. This may be attributed to the fully 
hysteretic feature of the model, which of course represents an 
approximation of the real rubba behavior. 

4.2 Eoulyalartt Untar vlacou» modo! 
The comparison between the displacement response computed 

with the equivalent linear model and the experimental one for the 
394 kN mock-up subjected to the 36 mm «up-back is presented in 
Figure 22a. For the model equivalent period and viscous damping 
ratio, the 7", and p, values reported in Table 3 have been used, and 
again a constant residual displacement equal to the one observed at 
the end of the test has been considered. Figure 22b shows the 
comparison in terms of accelaerion. Both figures indicate a 
urne-varying lag between the recorded and the simulated signal, u 
would be expected. The equivalent linear model produces damped 
oscillations with a constant period approxim'itly equal to the 
avaage value T„ and is therefore more rigid than the real system at 
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TABLE 6 - RESULTS OF IDENTIFICATION PROCEDURE 
FOR EQUIVALENT LINEAR VISCOUS MODEL 

PARAMETERS FROM SEISMIC TESTS 

Applied record 

San Rocco NS -6 cB 

San Rocco NSOdB 

San Rocco NS 6 dB 

San Rocco NS 15 dB 

TolrnezzoNS -20 dB 

TolmezzoNS -12 dB 

Tolmezzo NS -6dB 

Tolmezzo NS 0 dB 

Tolmezzo NS 6 dB 

Tolmezzo NS 8 dB 

Calith NS -12 dB 

CahtnNS-lOdB 

Cahtri NS -4 dB 

CalilnNS 1 dB 

[%1 

1.8 

2.7 

6.3 

15.9 

4.7 

10.0 

18.6 

40.6 

84.7 

99.7 

18.9 

23.8 

46.9 

90.3 

fs] 
0.560 

0.646 

0.749 

0.823 

0.696 

0.783 

0.923 

1.023 

1.069 

1.062 

^.925 

C J47 

1.057 

1.069 

[kN/m] 

1242 

933 

694 

575 

804 

635 

457 

372 

341 

345 

455 

434 

349 

341 

[%] 

12.7 

10.5 

8.4 

7.7 

6.4 

7.3 

7.9 

4.3 

3.1 

2.7 

6.4 

6.5 

9.6 

7.6 

the beginning of mock-up release, and more flexible in the finii pan. 
In any case, the peaks of the simulated response have magnitude 
which is very close to that of the recorded response, except for the 
first peak of both the displacement and the acceleration signals, 
which arc smaller in the experimental response. An explanation of 
this deficiency has already been given in the previous paragraph. 
The hysteresis loops for the equivalent linear viscous model have 
an elliptical spiral stupe (Figure 22c), and arc thus fairly different 
from those recordtxi. 

To derive the equivalent softness and viscous damping values 
which allow the best reproduction of the mock-up response during 
seismicexcilation tests, adynamic identification procedure has been 
adopted (Senno. 1992). The rwo parameters have been obtained 
imposing that the peak absolute acceleration and relative 
displacement computed from the numerical simulation are equal to 
those actually recorded. The procedure requires, for each earthquake 
record applied to the table, the calculation of the "response grid", a 
plot on the Cartesian plane which gives peak relative displacement 
on abscissa and peak absolute acceleration on ordinate for a single 
d.o.f. viscoclastic system characterized by a set of different couples 
of period and damping ratio values. Being the experimental response 
represented by a single point of the plane, an interpolation among 
the closest points of the response grid gives the values of period and 
viscous damping ratio which provide, in the numerical simulation, 
peak response quantities equal to the experimenul ones. Similar 
identification schemes has already been used by other authors (Tsay 
and Kelly, 1989; Kawashirna*/ al., 1991), and the results obtained 
in the present work are in good agreement with them. 

As an example of application of the procedure, in Figure 23 the 
response grid for the San Rocco NS IS dB record is shown. The 

TABLE 7 - RESULTS OF IDENTIFICATION PROCEDURE 
FOR EQUIVALENT LINEAR HYSTERETIC MODEL 

PARAMETERS FROM SEISMIC TESTS 

Applied record 

San Rocco NS -6 dB 

San Rocco NS 0 dB 

San Rocco NS 6 dB 

San Rocco NS 15 dB 

Tolmezzo NS -20 d3 

TolmezzoNS -12 dB 

Tolmezzo NS -6 dB 

Tolmezzo NS 0 dB 

Tolmezzo NS 6 dB 

Tolmezzo NS 8 dB 

CalitriNS-12dB 

Calitri NS-10 dB 

Calitri NS -4 dB 

Calitri NS 1 dB 

1.8 

2.7 

6.3 

15.9 

4.7 

10.0 

186 

40.6 

84.7 

99.7 

19.9 

23.8. 

46.9 

90.8 

0.560 

0.647 

0.737 

0.826 

0.702 

0.785 

0.913 

1.030 

1.054 

1.057 

0.925 

0.944 

1.055 

1.069 

[kN/m] 

1242 

930 

717 

571 

790 

632 

467 

367 

351 

349 

455 

437 

350 

341 

o 
[%] 

27.1 

31.7 

13.3 

19.8 

13.0 

13.6 

14.0 

8.4 

6.5 

5.2 

13.8 

13.6 

13.6 

14.4 

viscoelaslic model response has been computed for 15 period values 
equally spaced between 0.7 and 1.4 s, and 6 damping values 
comprised between 4 and 14%. The peak experimental response 
values, equal to a 0343 m/s1 absolute acceleration and a S.74 mm 
relative displacement, allowed to obtain the period and damping 
ratio for the equivalent linear model, which resulted to be 0.823 s, 
corresponding to a single tearing stiffness of 575 kN/m, and 7.7%, 
respectively. 

The identification procedure has been applied to all 1D NS tests 
of Table 5; the results are given in Table 6. The values of the 
equivalent linear stiffness of single isolator are plotted in Figure 24 
as • function of the peak shew strain in the rubber. The solid curve 
in the same figure represents the non-linear hysteretic model secant 
stiffness K, given by equation (7), while the dashed curve shows K, 
amplified by an o = 1.19 factor, which is the amplification factor 
value leading to the least mean square difference between the 
discrete points and the aX, curve. The equivalent linear viscous 
dam ping ratio obtained from the procedure v aries in the 2.7 to 12.7 % 
range; unfortunately it has not been possible to derive a simple 
dependence on the peak shear soain like that found for stiffness. 

Figures 25 to 27 show the comparison between the recorded 
acceleration response and that computed with the so identified 
equivalent viscous model during the ID San Rocco NS (est at IS 
dB, the ID Tolmezzo NS test at 8 dB and the 1D Calitri NS test at 
1 dB. Though the model and experimental peak acceleration values 
are equal and attained at the same rime instant, in the cycles of 
smaller amplitude the model generally overestimates the response. 
This is particularly evident for (heTolmezzo simulation (Figure 26), 
and is due to impulsive nature of the record and to very low value 
of damping adopted. The less satisfactory capability of (he 
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FIG. 25. ACCELERATION IN SAN ROCCO 15 dB TEST. 

equivalent Linear model io simulile the experiment!] response, 
compared lo the non-linear hystereuc model, is evident. 

4.3 Equivalent linear hysteretlc model 
Numerica] analyses hive also been carried out to simulate the 

mock-up response during map-back and seismic excitation tests 
with ihe equivalent linear hystereuc model.The results obtained are 
almost identical to those presented in the previous paragraph for the 
linear viscous model. This was obviously expected because, due to 
the presence of isolators, the mock-up response it strongly 
dominated by its natural circular frequency co,, and from equations 
(10) and (12) it is clear that, the two models coincide for co = w, and 
c = 28. 

For all 10 NS seismic excitation tests in Table 5, the identification 
procedure mentioned in the previous paragraph his been performed 
using the equivalent linear hystereric model, and the results are given 
in Table 7. Comparing Table 6 and 7, it comes out that K^ is very 
close to XV» *nd o s 28. As an example, the absolute acceleration 
time-history of the mock-up computed with the equivalent linear 
hystereuc model is shown in Figure 28: it is evident that the response 
is practically identical to that obtained through the linear viscous 

RG. 27. ACCELERATION IN CALITR11 dB TEST. 

model. Therefore, the aK, curve in Figure 24 can be used to also 
estimate the equivalent stiffness to employ in a seismic response 
analysis with the linear hystereuc model. 

5 CONCLUSIONS 
HDLRBs show a fairly significant non-linear behavior which has 

to be accounti d for if a fully reliable simulation of the dynamic 
response of an isolated structure is requested. The data from • large 
experimental campaign analyzed and discussed in the present paper 
clearly indicate that isolator transverse stiffness decreases with 
increasing strain levels; the same kind of behavior is observed also 
for Ihe damping coefficient, though with much smaller variations. 

It is shown that the tangent shear modulus of the carbon-black 
loaded natural rubber vulcanizaie decreases with increasing strain 
following an exponential rule, and varies between two finite values 
reached at zero and high strain levels. The non-linear hystereuc 
model of the isolator, based on such an analytical law and defined 
by three rubber parameters only, is able to predict the complete 
experimental dynamic response of a 394 kN isolated mock-up with 
very good accuracy. The deficiency of the model is represented by 
a too small energy dissipation capacity at very low levels of 

14 0. Scrino et al. 



MICROCOPY RESOLUTION TEST CHART 

NATIONAL BUREAU OF STANDARDS 
STANDARD REFERENCE MATERIAL 1010a 

(ANSI mt\ ISO TEST CHART No 21 



.- J--

4 6 
tma[t\ 

FIG. 28. ACCELERATION IN SAN ROCCO 15 dB TEST. 

deformation, but this has no practical consequences in the simulation 
of the dynamic response under the earthquake levels usually 
considered in the analysis and design A an isolated construction. 

If prediction of peak absolute acceleration and relative 
displacements values only are required» a simplified equivalent 
linear viscous model can be successfully used: this has the advantage 
of permitting the adoption of the response spectrum method. In this 
case, a proper selection of the model equivalent stiffness and 
damping ratio is necessary. An expression of the equivalent soffrici» 
for the single bearing has been proposed and validated. More 
difficulties have been encountered in the definition of appropriate 
equivalent viscous damping ratios. 

Though an equivalent linear hysterctic model more correctly 
represents the real rubber damping behavior, its use does not lead 
to any significant improvement in terms of response simulation 
compared to the equivalent linear viscous model. 
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