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SUMMARY 
 
Prototype devices able to isolate floors and other light structures with a low center of mass against 
earthquake inputs and ambient vibrations have been tested. The challenge in designing isolators suitable 
for light structures is to achieve a very low horizontal stiffness (about 20N/mm) and yet avoid instability.  
 
One device, capable of isolating against both vertical and horizontal seismic inputs, uses rolling elements. 
Its performance has been evaluated in shaking-table tests on a floor mock-up and the results confirmed 
that the isolator provided strong attenuation in all three directions for most earthquake records.  
 
The second type of device is designed to provide isolation against horizontal seismic inputs and vertical 
inputs associated with ambient vibrations. It is based on a modified fabric-reinforced bag and is relatively 
simple and economic. It is 600mm in diameter and 375mm in height. The results of characterisation tests 
on the 2-directional (2D) device are reported in detail here. The static vertical stiffness is sufficiently high 
to avoid undue rocking of the floor during a seismic input. The dynamic vertical stiffness gives a vertical 
natural frequency of about 9Hz, a figure low enough to provide a reasonable degree of isolation from 
ambient vibrations. The shear stiffness decreases from 45 N/mm for a shear displacement amplitude of 
10mm to 20N/mm for an amplitude of 60mm, results confirming that the target stiffness for a horizontal 
isolation frequency of 0.5Hz is achieved. The damping in the horizontal direction is about 16%, so no 
auxiliary damping device should be necessary. The stability of the device has been checked up to shear 
displacements of 150mm. The tests confirm that the 2D device has the capability to isolate light structures 
effectively from horizontal seismic inputs and vertical ambient vibrations. 
 

INTRODUCTION 
 
Base-isolation is now a well-established technique for the seismic protection of buildings and other 
structures. There may be circumstances where isolation of a complete building is not possible or 
economically attractive but where seismic protection of equipment or valuable artefacts is required. A 
possible solution in this case is to isolate the floor on which the contents rest, and to use a conventional 
technique to protect the structure. Because a floor alone is relatively light, isolators based on laminated 
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rubber-steel bearings are not suitable. The challenge is to design a low-cost device with a very low 
horizontal stiffness that is stable under the applied vertical load. The problem becomes much more 
difficult for the case where isolation against both horizontal and vertical seismic inputs is required 
because the low vertical stiffness required promotes rocking of the floor during the earthquake. The low 
center of mass of a floor greatly reduces, of course, the degree of rocking that has to be designed against.  
 
A prototype 3-directional (3D) floor isolator is briefly described here and the results of shaking-table tests, 
fully reported elsewhere (Fuller[1,2]), summarized. Characterization tests of a second type of relatively 
simple and economic device, designed to provide isolation against horizontal seismic inputs and vertical 
inputs associated with ambient vibrations, are also presented here. Although designed for floor isolation, 
both types of device are suitable for isolating any fairly light structure (weight in the region of 10 tonnes) 
with a low center of mass. Indeed, the 3D isolators are to be used for the seismic protection of a Roman 
ship (and its cradle) excavated at Herculaneum (Meucci[3]). 
 

3-DIRECTIONAL FLOOR ISOLATOR  
 
Isolator Design  
The specifications for the isolators were based on the protection of a control room, typical of electrical 
power plants, subjected to a design response spectrum complying with Eurocode (EC) 8 type 1 for soil B 
(May 2000 draft) and corresponding to a peak ground acceleration of 0.2g. Each isolator supports a 
gravity load of 2000kg. The target horizontal and vertical natural frequencies of the isolation system were 
0.5 and 1Hz respectively and the target damping was 10% of critical damping in all directions. The 
predicted peak maximum horizontal and vertical displacements were 101mm and 17mm respectively. 
 
The isolator designed to meet the requirements is shown in Figure 1. A low horizontal stiffness is 
achieved by separating the support of the gravity load from the provision of the horizontal restoring force. 
Three units able to roll on the base-plate support the gravity load. This arrangement not only makes a 
negligible contribution to the horizontal stiffness but also gives the high vertical and tilting stiffness 
needed for the decoupling of the horizontal and vertical modes of vibration. A rubber cylinder provides 
the horizontal restoring force and damping in that direction. A helical steel spring mounted above the 
rolling units provides the low vertical natural frequency and supports the gravity load of the floor. 
Rotation of the floor during seismic actions is resisted by a high damping rubber unit located within the 
coil of the helical spring. Additional damping in the vertical direction is provided by a high viscosity fluid 
damper. The characteristics of the devices inferred from tests on components and the maximum permitted 
displacements are given in Table 1. 
 

Table 1 – Characteristics of 3D isolation devices 
 

Design vertical load 2000kg 
Horizontal natural frequency 0.5Hz 
Vertical natural frequency 1.4Hz 
Horizontal damping 10% 
Vertical damping 13% 
Maximum horizontal displacement ±130mm 
Maximum vertical displacement ±25mm 

 
 

 



 

Figure 1: Three-directional seismic isolator under vertical load on the shaking-table. 
 
Test Programme 
Figure 2 shows the arrangement for the tests of the isolation system on the ENEL.Hydro (ISMES) 
“MASTER” shaking-table facility. A steel frame, within which large steel masses were mounted, 
represented the floor. The dimensions of the frame were 2.85x2.92x0.34 meters, and its total mass was 
6500kg. The positions of accelerometers (A) and LVDTs (D) installed on the table and the steel frame are 
also indicated in Figure 2, along with the axes directions. Preliminary analysis of data from accelerometers 
A1, A2 and A3 showed the frame to have natural frequencies in the range of 20-25Hz.  The vibration 
modes had nodes along lines joining approximately the midpoints of the sides.  To avoid these vibrations 
influencing the recorded frame response, additional accelerometers at points A5, A6 and A7 were 
installed, and any data from A1, A2 and A3 were filtered for frequencies above 17Hz. 
 
The test programme involved the following inputs: 

a) Uniaxial sinusoidal in X, Y and Z to locate resonant frequencies. 
b) Triaxial acceleration time histories based on synthetic ground motion records complying with 

EC8 Soil B at levels ranging from  –9dB to +5dB. 
c) Triaxial ground motion records from Tolmezzo (Friuli earthquake, 1976) and Calitri (Irpinia 

earthquake, 1980). 
d) Triaxial random signals generated from spectrum produced by road traffic recordings in Rome 

(Ara Pacis site) to assess vibration isolation capability. 
 
Results 
Sinusoidal tests 
The horizontal natural frequency of the isolation system was observed to be 0.5Hz for displacements of 
100mm. The vertical natural frequency was in the region of 1.7 to 2Hz (rather higher than originally 
envisaged) over a wide range of input magnitudes. 
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Figure 2: Shaking-table test arrangement at ENEL-Hydro Laboratory. 
 
 
 
Seismic input tests 
Some results for the Tolmezzo ground motion are given here. The vertical input acceleration time history 
and the response of the frame recorded at A5 are shown in Figure 3. The peak acceleration response is 
reduced by just over 40% compared with the input. The horizontal (X direction) acceleration input and 
response of the frame recorded at point A1 is shown in Figure 4. The peak response is seen to be 4.0 times 
lower than the table input. In the Y direction, the reduction was 3.1 times.  
 
The maximum rocking motion recorded was that induced about the horizontal axis defined by the 
transducers at D1 and D3; the peak value was 28mm. The rocking, as would be expected, had a relatively 
low frequency, and thus did not contribute unduly to the vertical acceleration response. The peak vertical 
displacement was 28mm (recorded by D1z). The peak horizontal displacement was 75mm (recorded by 
D1x and D2x). The close similarity of these two records indicates that no significant torsional motion of 
the floor was induced. 
 
Road Traffic Noise input 
Above 5Hz, the floor response to the traffic noise was negligible except in the region of 46Hz where there 
was a harmonic of the natural frequency of the frame.  The input signal had a peak in the region of 2Hz, 
close to the vertical natural frequency of the isolation system, and this was amplified in the response. Such 
a low frequency contribution to traffic noise is not normally expected.   
 
 
 
 

 



 
Figure 3: Vertical ground motion input (record from Tolmezzo - level +4db) and response of frame 

at point A5.   
 
 

 
 
 
 
 
 
 

 



 

Figure 4: Horizontal (X-direction)ground motion input (record from Tolmezzo - level +4db) and 
response of frame at point A1. 

 
 

Discussion 
The experimental results obtained for an EC8 Soil B input (Fuller [2]) and those presented here for the 
Tolmezzo record show that the 3D isolation system performed well in all directions. The vertical 
acceleration response was approximately 40-60% lower than the input and the horizontal acceleration 
response 3 to 4 times lower than the input.  The rocking and torsional motion induced by the inputs was 
small. The response of the isolation system to the Calitri ground motion record (Fuller [2]) was strongly 
influenced by its significant low frequency content.  Nevertheless, the acceleration responses were not 
amplified relative to the inputs.   
 
The isolation devices developed provide effective protection against the type of ground motion records 
usually observed.  The resistance to rocking provided by the design of the devices has been shown to be 
adequate for the isolation of floors and other objects with a similarly low center of mass.  The use of 
rolling units to accommodate the horizontal deflections makes the devices particularly suited to the 
isolation of light structures.   

 



 
 The devices are effective in providing isolation against ground-borne vibrations from traffic. 
 
 

FLOOR ISOLATOR FOR HORIZONTAL SEISMIC INPUTS 
 
Isolator Design 
The 3D isolator described in the previous section is a relatively expensive and complicated device. In 
those instances for which vertical seismic isolation is not required, a cheaper option is desirable. It may 
well be an advantage, however, for the device to be sufficiently soft vertically to provide a degree of 
isolation against ambient noise and vibration. Target horizontal characteristics for the device (see Table 2) 
were based on those of the 3D isolator.  
 

Table 2 – Characteristics of 2D isolation devices 
 

Design vertical load 2000 kg 
Horizontal natural frequency 0.5Hz 
Horizontal damping 10% 
Maximum horizontal displacement ±100mm 

 
 
A design for the 2-directional isolator based on a commercially available air-spring of diameter 600mm 
was developed. A schematic view of the device section is shown schematically in Figure 5. 
Substituting the air by a liquid and changing the initial height of the device was found to have a profound 
effect on the properties. After extensive preliminary testing, the percentage of liquid and the unloaded 
height for a final prototype device was chosen. The latter was 375mm. A detailed test programme on this 
device was then carried out. 

 
Figure 5:  Section through 2D isolator. 

 
 
 
 

 



Test equipment 
The tests were performed using a 250tonnes Schenck servohydraulic machine equipped with an additional 
10tonnes capacity, side-loading actuator. The test arrangement is shown in Figure 6. The isolator was 
mounted directly on to a biaxial load-cell capable of monitoring both the vertical and horizontal loads. The 
contact with the load-cell relied on the friction provided by a thin rubber sheet. The upper contact was to a 
system of rollers that allowed the top of the isolator to move freely in the horizontal direction and 
prevented transfer of the horizontal load to the vertical actuator. Because the isolator is directly mounted 
on the biaxial load-cell, there is no need for any correction due to residual friction at the top interface to 
the lateral load. The rollers were clamped during the compression only tests. 

 

 
 

Figure 6: Arrangement for 2D isolator tests 
 
Compression Tests 
Quasistatic test 
The isolator was loaded to 30kN at a steady rate, and immediately unloaded; the time to apply the 
maximum load was 60s. The force-displacement curve is shown on Figure 7. The (secant) static vertical 
stiffness for 20kN load is 1.7kN/mm, a figure much higher than that obtained with the bag filled 
completely with air and sufficient to avoid excessive deflection under the design gravity load and reduce 
rocking during an earthquake input. The quasistatic loading curve is seen to be non-linear, so the dynamic 
vertical stiffness is higher than the static.  
 
Dynamic tests 
The effect of frequency, vertical load and dynamic amplitude on the vertical stiffness is summarized in 
Tables 3 and 4. The stiffness is seen to increase with the vertical load, but to be fairly independent of 
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frequency and amplitude. Despite the reasonably high stiffness under static vertical loads, the level of 
dynamic vertical stiffness is sufficiently low to provide isolation from normal ambient vibration. 
 

 
Figure 7: Vertical load-displacement relation 

 
 
 

Table 3: Dependence of Vertical Dynamic Stiffness on pre-load and frequency 

 
 

 
 
 
 
 
 
 

 

 

Pre-load Amplitude Frequency Hz 
kN mm 1 2 3 5 10 

              Vertical Dynamic Stiffness: kN/mm
10 ±0.2 4.9 5.0 5.1 5.3 5.8 
 ±1.0 4.1 4.2 4.3   

20 ±0.2 7.0 7.3 7.4 7.7 8.2 
 ±1.0 6.2 6.4 6.5   

30 ±0.2 8.3 8.6 8.7 9.0 9.6 
 ±1.0 7.5 7.7 7.9   

40 ±0.2 8.9 9.2 9.4 9.7 10.3 
 ±1.0 8.2 8.5 8.7   

50 ±0.2 9.9 10.3 10.6 10.9 11.6 
 ±1.0 9.3 9.6 9.8   



 
 

Table 4: Dependence of Vertical Dynamic Stiffness on amplitude and frequency. Pre-load:  20kN 

 
 

Shear tests 
The tests were: 

• shear at frequency 0.05Hz, displacement amplitude ±10, ±20, ±40, ±60mm, vertical load 
20kN, 40kN 

• one-sided cyclic test at frequency 0.05Hz from 0mm to shear displacements 100mm and 
150mm, vertical load 20kN, 40kN 

 
The data from the dynamic shear tests are summarised in Table 5. The stiffness is seen to fall with shear 
amplitude, and to increase slightly with vertical load; the damping also increases with the vertical load. 
Force-displacement hysteresis loops are plotted in figures 7 and 8 for the two vertical loads. 
 

Table 5: Dynamic shear results 
 

Shear  Pre-load Damping Shear 

Amplitude   Stiffness 

(mm) (kN) % N/mm 

    
±10 20 17.9 46.5 

±20 20 14.2 37.5 

±40 20 14.4 25.4 

±60 20 16.1 20.1 

    
±10 40 25.4 55.0 

±20 40 20.4 42.4 

±40 40 23.1 26.6 

±60 40 28.7 18.2 

 
 
 
 
 

Amplitude 
mm 

Frequency Hz 

 1 2 3 5 10 
               Vertical Dynamic Stiffness: kN/mm 

±0.1 7.7 7.9 8.1 8.2 8.7 
±0.2 7.4 7.5 7.6 7.8 8.3 
±0.3 7.1 7.3 7.5 7.7 8.2 
±0.5 7.0 7.2 7.3 7.4 x 
±1.0 6.4 6.7 9.7 6.8 x 



 

 
Figure 7: Shear force–displacement loop. Vertical load: 20kN. Amplitude: ±60mm 

 
 

 
 

Figure 8: Shear force–displacement loop. Vertical load: 40kN. Amplitude: ±60mm 
 
The force-displacement curve from a one-sided cyclic test to 150mm is shown in figure 9. A photograph 
of the isolator at the maximum shear displacement is seen in figure 10. The stiffness is seen to rise at large 
displacements as part of the isolator contacts the machine platens. The results of the one-sided tests 
confirm that the device has a horizontal displacement capacity equal to the target of 100mm with a safety 
margin of 50%. 

 
Discussion 
The 2D isolator based on a modified air-spring was found to give the desired combination of reasonably 
high compression stiffness (static value about 2kN/mm) and very low shear stiffness. The latter is 
somewhat dependent on the vertical load. At seismic response displacements and under the design vertical 
load, the shear stiffness is about 20N/mm, thus giving a horizontal natural frequency of 0.5Hz. The 
stiffness ratio is similar to that achieved with laminated rubber bearings; it would be very difficult, 
however, to achieve a stable design with that type of bearing for such low a low shear stiffness. The 
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damping in the horizontal direction is also somewhat dependent on the vertical load, though it varies only 
slightly with displacement. The level of damping is quite high (about 14-16% under the design load), so 
no auxiliary damping device should be necessary.  
 
The dynamic vertical stiffness of the isolator gives a vertical natural frequency under the design vertical 
load that is low enough to isolate a floor from ambient vibrations. 

 

 
Figure 9: Shear force–displacement loop. Vertical load: 40kN. Displacement: 0-150mm 

 
 

 
Figure 10: Isolator at 150mm shear displacement. Vertical load: 40kN 

 
 

 

 

 



 
CONCLUSIONS 

 
Two novel floor isolators have been presented. The performance of one, able to isolate a floor against both 
vertical and horizontal inputs, has been assessed by shaking-table tests on a mock-up. It gave good 
protection against earthquake inputs. Even for an earthquake input with substantial low frequency content, 
the isolators did not result in an amplified response. The characteristics of the second floor isolator, based 
on a modified air-spring, suggest that it would be able to provide effective isolation against horizontal 
seismic inputs and ambient vertical vibrations. Both isolators may be applicable not just to floors, but also 
to the isolation of other light structures for which the center of mass is low. 
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