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A B S T R A C T   

This study investigates the mechanical behaviour of elastomeric bearings with a low shape factor (LSF). Such 
bearings can offer an effective solution for three-dimensional seismic isolation of structures, that is, isolation in 
vertical as well as horizontal directions. They could also be employed for developing low-cost isolation systems 
for developing countries due to their reduced weight and manufacturing cost. 

The first part of the study describes tests carried out at Tun Abdul Razak Research Centre (TARRC) on low- 
damping rubber double-shear test pieces and LSF bearings. The material tests are used to inform the develop-
ment of a finite element (FE) model of the bearings, which is validated against the bearing test results. It is shown 
that the proposed FE model can be used to describe accurately the global non-linear horizontal force- 
displacement behaviour of the compressed bearings, while providing an insight into the local distribution of 
stresses and strains. It can also be used to investigate the bearing response under boundary conditions that differ 
from the one considered in the tests. 

The second part of the study illustrates the numerical simulations of shaking table tests carried out at the 
University of Naples Federico II on a structural prototype mounted on the low-damping LSF bearings. Useful 
insights are provided into the effect of the vertical bearing flexibility on the response and the attainment of 
critical conditions of zero tangent horizontal stiffness under horizontal displacements.   

1. Introduction 

Seismic isolation is a technique aimed at protecting structures from 
earthquakes by shifting their fundamental frequency away from the 
undesirable frequencies of seismic ground motions. Laminated rubber 
bearings are widely used in the isolation system. They consist of multiple 
layers of rubber vulcanized to steel reinforcing layers that produce a 
vertically stiff but horizontally flexible isolator [1]. A non-dimensional 
parameter usually employed to characterize the geometry of these 
bearings is the primary shape factor, S. This defines the ratio of the 
loaded area to the area free to bulge for an individual rubber layer [2,3]. 
Common values of S for laminated rubber seismic isolators are in the 
order of 10–20. This is to enhance the critical load capacity of the 
bearings, and to minimise rocking motion in isolated structures by 
providing a high vertical stiffness, while maintaining a low horizontal 
stiffness. Such bearings have been widely deployed and thoroughly 
studied, and most design criteria in publications and Standards are 
focussed on bearings of this type. However, high S values, ranging from 

10 to 30, result in a large number of steel plates, resulting in significant 
weight of the bearings, and generally high production and installation 
costs. At the same time, the high vertical stiffness of the bearings yields 
high vibration frequencies of the isolated structure in the vertical 
direction. 

Vibration isolation is a technique for protecting structures from 
ground-borne vibration, for example produced by underground trains. 
Laminated rubber-steel bearings have been used as structural vibration 
isolators from the 1960s [1,4,5]. In vibration isolation systems the 
objective is to provide an approximately isotropic stiffness, vertical and 
horizontal, with natural frequencies of approximately 5 Hz, so as to 
attenuate ground-borne vibrations in the audible range (>15 Hz). The 
success of such systems was the inspiration for developing seismic 
isolation systems based on rubber bearings. However, it was quickly 
realised that designing for an approximately isotropic system would be 
impractical for seismic isolation, since most damage is associated with a 
predominant low frequency horizontal content, typically in the range 
between 1 Hz and 10 Hz, calling for an isolation frequency of around 
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0.5 Hz [1,4]. While it proved possible to design laminated bearings 
giving such a low horizontal natural frequency for typical column loads, 
for a linear spring with a vertical natural frequency of f = 0.5 Hz, the 
vertical deflection would be of the order of g/(2πf)2 ≈ 1 m, and thus 
completely impractical. Fortunately, typical superstructures are far from 
isotropic in modal frequencies, only the horizontal structural modes 
having low enough modal frequencies to be dangerously excited by the 
seismic motion, and so the standard base isolation system was developed 
to have a horizontal period of about 0.5 Hz, and to be nearly rigid 
vertically, to minimise rocking. Such a “two dimensional” isolation 
system provides good protection to the superstructure, however, it does 
not provide isolation from significantly higher frequency vertical 
ground motion, whether seismically or otherwise induced, that might 
cause undesirable excitation of vertical modes of superstructure or 
contents. This could be the case for critical facilities such as nuclear 
power plants or hospitals hosting sensitive equipment, for example. 
Moreover, the encouragement of some rocking in the first horizontal 
mode, by lowering vertical stiffness, has also the potential to lower its 
modal frequency and hence might also significantly improve isolation 
from the horizontal component of seismic excitation. 

It is noteworthy that in the early stages of development of seismic 
isolation bearings, some researchers investigated the possibility of 
employing low shape factor (LSF) rubber bearings, ranging from 0.5 to 
5, as a way to achieve an economic three-dimensional (3D) isolation of 
structural systems. The first example of a structure isolated using rubber 
bearings, the Pestalozzi school built in 1969 in Skopje (Macedonia), was 
realized using unreinforced rubber blocks, with S = 0.5, assuming no 
lateral slip on the pedestals. These blocks exhibited significant lateral 
bulging under the weight of the building and were eventually replaced 
with high shape factor steel-reinforced bearings [6]. A base-isolated 
laboratory building realized in Kajima Corporation Technical Research 
Institute [7] was one of the earliest applications of LSF bearings 
(S = 2.5). The two-story reinforced concrete building was supported on 
eighteen bearings, and auxiliary steel bars provided damping. The aim 
was to provide 3D seismic isolation from earthquakes as well as ambient 
ground vibrations and the effectiveness of the system was shown in the 
laboratory testing. Aiken et al. [8] designed a 3D isolation system for a 
liquid metal reactor building; their study involved the design and testing 
of bearings with shape factor S = 5.4, made from different types of 
rubber material, and the development of an analytical bearing model. 
For them, “low shape factor bearings” corresponded to those designed to 
achieve both vertical and horizontal isolation. However, the dynamic 
response of the structure supported on such bearings was not investi-
gated in detail, either experimentally or theoretically. 

A solution investigated by many researchers to reduce the weight 
and cost of isolators consists of the replacement of steel plates with fiber 
reinforcement materials [9-12]. Fiber-reinforced elastomeric bearings 
have also been proposed to provide 3D isolation, since they have a lower 
vertical stiffness in comparison to an equivalent steel-reinforced elas-
tomeric bearing [5]. 

Kelly and Lee [13] analysed the existing literature about 3D seismic 
isolation and explored theoretically the dynamics of 3D isolation sys-
tems and the presence of rocking modes for low values of the bearing 
vertical stiffness. Warn and Wu [14] showed with the aid of numerical 
simulations that buildings isolated on LSF bearings could experience 
minor non-structural damage following a major earthquake event. 
Yabana et al. [15] carried out tests to evaluate the mechanical charac-
teristics and the performance of rubber bearings with a shape factor of 
4.2, highlighting the effect of decrease of the rubber thickness, caused by 
the vertical pressure, on the bearing horizontal stiffness, and the high 
displacement capacity (shear strains > 500%), which is similar to that of 
more conventional bearings. Zhou et al. [16] and Okamura et al. [17] 
both considered the application of LSF bearings to 3D isolation of 
modern nuclear facilities. Cilento et al. analysed results from an exten-
sive experimental campaign to investigate the effectiveness of isolating a 
structure with LSF bearings [18]. 

In the last decades, several studies investigated the mechanical 
behaviour of elastomeric bearings, and various models were developed 
for describing their response under horizontal loading or combined 
vertical and horizontal loading (see e.g. [3,19-27]). These models were 
successfully employed to evaluate the seismic performance of structures 
isolated with rubber bearings, see e.g. [28-30]. However, most of the 
bearing models developed thus far have been validated against tests on 
high shape factor bearings, and they do not account for important effects 
such as the reduction in height and the increase in plan area due to 
bulging of the elastomer under compressive load, which affect signifi-
cantly the response of LSF bearings. Attempts were made by Stanton and 
Roeder [31,32], Shapery [33,34] and Muhr [35] to include such effects 
in bearing models, in order to extend their applicability to the LSF case, 
but more experimental tests are needed to validate these models. 

Recently, some works have investigated experimentally and 
numerically the behaviour of LSF bearings, by mainly focusing on the 
compressive response. Gu et al. [36] carried out comprehensive tests on 
high damping rubber bearings with LSF, evaluating their behaviour in 
terms of vertical and horizontal stiffness, and equivalent damping ratio. 
They also proposed a corrected calculation of the vertical stiffness to 
provide a better agreement with the experimental results. Ren et al. [37] 
carried out both experimental and numerical investigations on the 
compressive behaviour of LSF lead-rubber bearings, demonstrating that 
differently from the case of high shape factor bearings, the axial load has 
a non-negligible effect on their compressive stiffness. 

The few studies [13,14] that have investigated numerically the dy-
namic behaviour of structures mounted on LSF bearings are based on 
oversimplified descriptions of the bearings, e.g. using uncoupled spring 
elements for the various directions. Thus, an in-depth analysis of the 
behaviour of LSF bearings and of structures mounted on them, using 
experimental testing and advanced numerical modelling, is needed. 

This paper aims to further explore the LSF concept in rubber bearings 
through the development of an advanced finite element (FE) modelling 
strategy for these isolation devices. The first part of the paper focuses on 
the bearing behaviour, using the results of double shear tests on rubber 
pieces and quasi-static tests on rubber bearings under compression and 
shear displacements carried out by Tun Abdul Razak Research Centre 
(TARRC). These tests are simulated in Abaqus [38] using a 3D modelling 
approach for the LSF bearings, with alternative constitutive laws for the 
rubber stress-strain behaviour based on the double shear test results. The 
advanced numerical modelling approach is used to achieve a deeper 
understanding of the mechanical behaviour of LSF bearings under 
combined axial and horizontal loads, and in particular to investigate the 
resulting local distribution of stress and strain throughout the rubber. It 
is noteworthy that these quantities are relevant for assessing the likeli-
hood of local failure (e.g. debonding, and splitting in the rubber along 
the peak of the bulge), and that this is particularly important for LSF 
bearings, which may exhibit debonding problems due to high shear 
stresses at the outer edge of the shim-rubber interface. 

In the second part of the paper, the 3D bearing model is used for 
simulating shaking table tests carried out at the Department of Struc-
tures for Engineering and Architecture of University of Naples Federico 
II on a prototype base-isolated building with LSF bearings under a 
horizontal seismic input. The tests induced high displacements at the 
isolation system level, and significant variations of vertical forces. The 
simulation allows characterization of the complex bearing behaviour 
under dynamic loadings, involving significant coupling between the 
horizontal and vertical response. 

It is noteworthy that although analysing an entire isolated structure 
with 3D FE modelling [39] is feasible, it is computationally too expen-
sive for routine use. Here, this modelling strategy is used to shed light on 
the local behaviour of the rubber layers arising due to the application of 
external loading, for investigating the mechanical behaviour under 
loadings not considered experimentally but potentially encountered in 
real applications, and for checking the attainment of limit state condi-
tions during the design stage [40]. It can also be used to calibrate and 

A. Orfeo et al.                                                                                                                                                                                                                                   



Engineering Structures 266 (2022) 114532

3

validate simplified modelling approaches for describing the bearing 
mechanical properties [31-35]. 

2. Material and bearing tests 

This section describes first the tests carried out at TARRC to char-
acterize the mechanical behaviour of the LSF bearings with low damping 
rubber. The tests include those on double shear test pieces for the 
characterization of the material behaviour and those on the compressed 
bearings under shear loading. Subsequently, these tests are simulated 
using a 3D finite element analysis approach. Although bearings manu-
factured with a high damping compound were also tested at TARRC, this 
study considers only the bearings made with the low. 

damping rubber compound. This choice is motivated by the fact that 
low damping rubbers have a relatively simple constitutive behaviour, 
allowing the focus to be on the effects of finite strains and geometrical 
nonlinearity, arising from the combination of axial loads and horizontal 
displacements. The bearings made with the high damping compound 
would be characterized by a much more complex mechanical behaviour, 
affected by Payne effect, stress-softening, and potential heating of rub-
ber upon repeated cycling (see e.g. Tubaldi et al. [27], Ragni et al. [41]). 

2.1. Experimental tests 

Double-shear cylindrical test pieces made of lightly filled natural 
rubber compound were subjected at TARRC to harmonic displacement 
histories. The test pieces consisted of two rubber layers hot-bonded to 
metal parts as shown in Fig. 1a. The thickness of each layer was 6 mm 
and the diameter 25 mm. Double shear tests were performed under si-
nusoidal shear displacement histories with a frequency of 0.5 Hz. The 
samples were preconditioned (i.e. non virgin). Nevertheless, the stress- 
softening effects [27,41] are not significant since the compound is a 
low damping and essentially unfilled natural rubber, and for the same 

reason the effect of the temperature rise in the rubber upon repeated 
cycling is negligible. Fig. 1b shows the results of the tests in terms of 
variation of the secant shear modulus G with the maximum nominal 
shear strain γmax. The nominal shear strain γ is defined as the ratio be-
tween the shear displacement and the rubber height of a single layer, 
whereas the secant shear modulus G is evaluated as the ratio between 
the maximum nominal shear stress τmax (obtained by dividing the 
maximum shear force by the cross-sectional area of the rubber sample) 
and γmax, under the assumption of uniformly distributed shear strains. It 
can be observed that G assumes values in the range between 0.62 MPa 
and 0.47 MPa, reducing slightly for increasing values of γmax. Fig. 1c also 
shows the variation of the equivalent damping ratio [42] with the strain 
amplitude. The damping ratio is generally very low, as expected for this 
type of rubber compound, and increases slightly for increasing γmax 
values. 

Fig. 2a illustrates the laminated bearing considered in the tests and 
Fig. 2b shows the bearings in the test jig. These prototype bearings were 
designed to achieve target horizontal and vertical natural periods 
respectively equal to 0.92 s and 0.25 s for the scaled prototype. They 
consist of three layers of rubber 19 mm thick and sides 100 × 100 mm, 
vulcanised and simultaneously hot-bonded (using the Chemosil 211/ 
220 system [66], as also used for the double shear test piece of Fig. 1a) to 
steel plates (nominal thickness 2 mm) on their major faces, designed to 
achieve a shape factor S = 1.32. Loctite 638 [67] retaining compound 
was used to bond the three rubber–steel laminates together, on the two 
internal steel to steel interfaces. Steel end plates 130 mm × 100mm, 
with thickness 10 mm, were bonded to the end steel faces of the 3-layer 
bearing using Araldite standard epoxy adhesive. Four bearings were 
built and tested at TARRC; a pair of bearings was subjected simulta-
neously to static compression and dynamic shear loading in a double 
shear configuration. A hydraulic jack was used to apply a compression 
load to the bearings to simulate gravity loads, whereas the shear dis-
placements were imposed by a Dartec uniaxial servohydraulic actuator. 

Fig. 1. (a) Double shear test piece geometry, (b) Secant shear modulus vs. maximum shear strain, (c) Equivalent damping ratio vs. maximum shear strain.  

Fig. 2. (a) Bearing geometry, (b) Double shear test set-up: two identical bearings mounted in the test jig, the external plates are fixed after the application of 
compression load and the central plate is free to move along the direction perpedicular to the compression load. 
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The compression load was increased up to the desired level, and sub-
sequently the external plates were locked tightening bolts on both sides 
(see Fig. 2b) before applying a shear displacement through the central 
plate. The testing sequence consisted of two cycles of sinusoidal 
displacement at increasing shear strain amplitudes [18,43]. It is worth 
observing that during both these tests and the shaking table tests 
described in Section 3.1, no failure in terms of rubber-to-metal bonding 
was observed, despite the bearings having been subjected to relatively 
high horizontal displacements. Similarly in other studies on LSF bear-
ings [15] no debonding was observed, for bearings subjected to higher 
compression and shear deformations. Nevertheless, some technological 
solutions may be employed to minimize the debonding risk, e.g. using 
fillets [44]. The test setup considered to characterise the shear response 
of the bearings under different compressive loads is somewhat different 
from that employed in studies in the literature, where the compressive 
load rather than the compressive displacement is fixed. Obviously, the 
approach followed is cheaper and also easier, but care must be paid in 
interpreting the obtained results and comparing them to those in the 
literature. Nevertheless, the obtained results are still useful for model 
validation and the shear response under small deflections is the same 
regardless of the boundary condition, as discussed below. 

The secant shear stiffness is calculated from the hysteresis loops 
obtained from the shear tests, and can be defined based on values of 
peak force Fmax and peak displacement dmax as follows: 

ks = Fmax/dmax (1) 

Fig. 3a shows the shear stiffness values of one bearing for increasing 
nominal shear strains, defined by the ratio between peak displacement 
and the total rubber thickness, obtained under a compressive displace-
ment corresponding to 19 kN (i.e. a pressure of 1.9 MPa) at zero shear 
deformations. It can be noted that contrary to what was observed in the 
case of double shear tests under zero compression, the secant shear 
stiffness first reduces slightly for increasing nominal shear strains, and 
then it increases. This behaviour is in contrast with the existing litera-
ture on elastomeric bearings, showing a reduction of the horizontal 
stiffness under increasing horizontal displacements [45,46]. This is due 
to the fact that the vertical load in the bearings (which was not measured 
during the experiments) is expected to decrease with increasing lateral 
displacement. The Payne effect (i.e., the decrease of stiffness for 
increasing deformation, typical of HDNR compounds [19,27,41]) 
cannot explain this behaviour since the rubber compound incorporates 
very little filler. Fig. 3b illustrates the equivalent damping ratio of the 
bearing at various shear strains. It is interesting to observe that the 
equivalent damping ratio of the device (between 2% and 3%) is in 
general significantly higher than that of the rubber compound (about 

1%) and it increases for increasing compression levels. This phenome-
non was observed in experiments reported by Thomas [47] and also 
acknowledged by Koh and Kelly [23] and Raithel and Serino [48], who 
noted that when viscoelasticity is included in their theory the 
compression load increases the phase difference between the horizontal 
force and the horizontal displacement, thus increasing the energy 
dissipation per cycle. Despite this increase, the damping ratio of the 
bearings is still quite low and in real applications a higher value may be 
desirable to control the displacement demand. This could be achieved by 
using auxiliary damping devices, e.g. viscous dampers or steel bar 
dampers [7,49] or by using more dissipative compounds. The second 
solution is preferable since it would not reduce the cost benefits of the 
LSF bearings. It is noteworthy that similar bearings were also made 
using a high damping NR compound and, due to the augmentation of 
damping through the high compressive load, were very effective in the 
shaking table tests in controlling the displacements, albeit at the expense 
of higher drifts and accelerations in the superstructure [18], though are 
not further discussed here. 

2.2. 3D numerical model 

This subsection describes the 3D numerical models developed in 
Abaqus [38] to simulate the tests on the double shear pieces and the 
elastomeric bearings, to provide an insight into the local stresses and 
strains throughout the double shear pieces and the elastomeric bearings, 
to investigate the influence of axial compression on the horizontal 
response and to estimate the critical load. 

2.2.1. Constitutive models 
In the models, the rubber is described using a hyperelastic consti-

tutive material. Hyperelastic materials are defined by the strain energy 
potential W, the strain energy stored in the material per unit of reference 
volume as a function of the strain in the material. Three alternative 
constitutive relationships are used and compared in this study, namely 
the neo-Hookean, Ogden and Yeoh models [50]. 

Assuming an incompressible material, the Ogden strain energy 
function depends on the three principal stretches λ1, λ2, λ3 and 2 N 
material constants, i.e. the hyperelastic parameters, μi and αi, according 
to the following expression: 

W =
∑N

i=1

μi

αi

(
λαi

1 + λαi
2 + λαi

3 − 3
)

(2) 

where N is the number of terms that constitute the strain energy 
density function, chosen to be 1 in this study. 

Fig. 3. (a) Bearing horizontal stiffness vs. nominal shear strain, (b) Damping ratio vs nominal shear strain. The compressive strain is held constant during shear, at a 
value corresponding to 19 kN force for zero shear strain. 
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The Yeoh and neo-Hookean strain energy potentials are derived from 
the reduced polynomial strain energy potential that is a function of only 
the deviatoric strain invariant I1 and has the following expression: 

W =
∑N

i=1
Ci0(I1 − 3)i (3) 

where Ci0 are material parameters. The Yeoh and neo-Hookean form 
are obtained for a number of terms N equal to 3 and 1, respectively. The 
values of material parameters μi, αi and Ci0 in the Eqns. (2) and (3) can be 
obtained from the double shear experiments described in the previous 
section. These parameters have been calibrated by considering the 
simple shear secant modulus-strain relation for all three material 

models, assuming a homogeneous state of simple shear strain within the 
cylindrical rubber pieces (Fig. 1a). The relation between principal 
stretches and amount of shear, is given by [50]: 

λ1 = λ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
γ2

2
+ γ

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
γ2

4

√√
√
√
√

λ2 = λ− 1

λ3 = 1

λ - λ− 1 = γ

(4) 

The principal first invariant as a function of the amount of shear is 
expressed as follows: 

I1 = γ2 + 3 (5) 

As developed by Rivlin [51], the relation between shear stress and γ 
is: 

τ = 2
(

∂W
∂I1

+
∂W
∂I2

)

γ (6) 

Assuming the strain energy density depends only on I1, then Eqn. (6) 

Table 1 
Material parameters for the three hyperelastic material models.  

Model parameters C10 
[MPa] 

C20 
[MPa] 

C30 
[MPa] 

α [–] μ 
[MPa] 

Ogden  –  –  –  1.42  0.61 
Yeoh  0.3  − 0.005  0.000311  –  – 
neo-Hookean  0.292  –  –  –  –  

Fig. 4. FE model and meshing of the double shear test (a) 3D Perspective, (b) Top View.  

Fig. 5. (a) Contour plot of the shear strain (top) and stress (bottom) component within the rubber shear test piece, (b) Hysteresis loop of each rubber test piece for a 
nominal maximum shear strain of 100%. 
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gives: 

τ =
∂W
∂I

2γ (7) 

The stress-stretch relation according to Ogden’s model, Yeoh’s 
model and the neo-Hookean model can be expressed respectively as 
follows: 

τ = 2μ λ
1 + λ2 (λ

α − λ− α) (8)  

τ = 2γ
(
C10 + 2C20γ2 + 3C30γ4) (9)  

τ = 2γC10 (10) 

where 2C10 in Eqn. (10) represents the rubber shear modulus. 
The material parameters of the various constitutive models, found by 

fitting the parameters of these equations to the experimental double- 
shear test results, are shown in Table 1. 

The damping property of the rubber material is described in a 
simplified way by using a Rayleigh damping model, whose coefficients 
are calculated to provide a damping ratio of 1% in correspondence of the 
first and second vibration modes of the isolated system described in 
Section 3. The coefficient α for the mass matrix and the coefficient β for 
the elastic initial stiffness matrix are equal to 0.067926 and 0.00080, 
respectively. 

2.2.2. Simulation of material characterisation tests 
Fig. 4 describes the FE model of the double shear test. Since the 

double shear configuration has a plane of symmetry, only half of a single 
layer is modelled, in order to reduce the computational cost of the 
simulation, by imposing appropriate boundary conditions. The rubber 
layer is modelled using 8-node solid elements (C3D8H) with first-order 
hybrid formulation, which is recommended for incompressible materials 
[38]. The model domain has been meshed employing only hexahedron 
elements, and avoiding excessive values of their aspect ratio in the 
central part. In the simulation, a sinusoidal load in the horizontal di-
rection (i.e., x) is applied to the top reference point in a displacement 
control analysis and the bottom of the layer is fixed. 

Fig. 5a shows the distribution of shear stresses and strains in a ver-
tical section along the diameter of the reference cylindrical layer, ob-
tained using the Yeoh model under a shear displacement of 6 mm. This 
corresponds to a nominal shear strain of 100%. The local shear strains 
and stresses are quite uniformly distributed within the rubber layer and 
their values are very close to the nominal ones, apart from the areas 
close to the edges, where they are higher. This confirms that the state of 
deformation in this test configuration is nearly, but not exactly, “simple 
shear”, as also pointed out by others (e.g. Rivlin [51], Gregory et al 
[52]). 

Fig. 5b compares the experimental force-displacement response with 
the response simulated using the Yeoh model. It is observed that the 
response is close to linear and that the model provides a good 

Fig. 6. Experimental and FE models’ results: (a) Secant shear stiffness for different maximum shear strains, (b) Equivalent damping ratio for different maximum 
shear strain amplitudes. 

Fig. 7. Elastomeric Bearing: (a) Meshing, (b) Details of connections between various layers.  
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approximation of the experimental results. The value of the shear 
modulus for the neo-Hookean model that provides the best fit to the 
experimental results among various investigated values is 0.584 MPa, 
corresponding to C10 = 0.292 MPa. Fig. 6a reports and compares the 
shear stiffness values from both the experimental tests and the FE ana-
lyses results for different maximum shear strains. A good agreement 
between simulations and the test is found for all the investigated shear 
deformation amplitudes, apart from low values of shear strains. In 
general, using the Ogden and Yeoh constitutive relationship for the 
rubber yields the most accurate results, especially at high levels of shear 
strains. The neo-Hookean relationship provides a worse fit, because it is 
characterized by a reduced number of parameters compared to the other 
models and yields an almost linear response under simple shear strains 
(the slight departure from linear response is due to the strain field not 
being exactly simple shear). The estimates of the equivalent damping 
ratio of the rubber block obtained with the Yeoh constitutive model 
combined with Rayleigh damping for different levels of strain amplitude 
are shown in Fig. 6b, where they are compared with the corresponding 
values obtained experimentally. 

It is noteworthy that more advanced description of the damping, e.g. 
using a Prony series approach can also be used to capture the behaviour 
of low damping natural rubber with a simple fitting procedure described 
in Ahmadi et al’s work [53]. However, in this paper the Rayleigh 
damping model has been employed because the agreement with 
experimental results is already good, considering that a relatively simple 
description of the damping is used for the rubber material. 

2.2.3. Simulation of bearing tests 
Fig. 7 illustrates the model of the LSF bearing, which is the same as 

those employed in the shaking table test, whose results are discussed in 
the next section. The intermediate steel shim plates and end plates are 
also modelled using C3D8H elements. The tie contact between steel and 
rubber layers of the bearing is expressed by contact pair option available 

in Abaqus. The bottom anchor plate is fixed in all degrees of freedom and 
the top end plate is fixed against rotation but allowed to translate 
laterally and vertically. For the rubber layers, the constitutive models 
described in the previous section are employed, and the results shown 
are those obtained using the Yeoh constitutive model unless otherwise 
specified. 

A vertical downward displacement is first imposed at the top plate, 
until a compressive load of 19 kN is achieved, equal to the mean load per 
bearing under the gravity loads in the shaking table tests. Subsequently, 
two cycles of sinusoidal displacements are applied while preventing 
vertical motion and rotation of the top plate. Fig. 8a shows the force- 
displacement curves under the applied compressive load of 19 kN 
evaluated numerically with Yeoh, neo-Hookean and Ogden material 
models. Experimental data are not available for this stage of the test, 
nevertheless a similar behaviour is obtained with the different consti-
tutive models. Fig. 8b illustrates the compressive load reduction due to 
the imposed sinusoidal shear displacement, which is due to the fact that 
the motion of the bearings in the axial direction is restrained. Fig. 8c 
shows the shear force-displacement behaviour of the bearing subjected 
to the applied load in combination with the maximum applied hori-
zontal displacement obtained both numerically and experimentally. It 
can be observed that a similar shear behaviour is obtained among the 
different constitutive models. The relative error in terms of energy 
dissipation (area within the loops) obtained by the three models is only 
20% when compared to the experimental result. Fig. 9 illustrates the 
deformed bearing during the tests. Fig. 10a shows the contour plot of 
true compressive and shear stresses, expressed in MPa, and the engi-
neering compressive and shear strain for the bearing subjected to the 
compressive load of 19 kN. Fig. 10b illustrates the stress and strain of the 
compressed bearing subjected to horizontal displacement of 46.48 mm, 
i.e. a nominal shear strain of about 80%. According to the legend no-
tation, positive values indicate tensile stresses and strains, whereas 
negative values denote compressive stresses and strains. Although the 

Fig. 8. Numerical force-displacement curves: (a) Vertical load-displacement behaviour defined numerically using Yeoh, neo-Hookean and Ogden constitutive 
material models, (b) Numerical Vertical force-shear displacement results (c) Shear force-displacement results compared with the available experimental data. 

Fig. 9. Deformed bearing under a compression load of 19 kN (left) and a combined compression load and shear displacement (right) during the experiment [43].  
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bearing is globally subjected to axial compression and shearing, it can be 
observed that local tensile stresses are developed within the bearing due 
to the bulging of the layers. Under compression, local tensile stresses and 
strains are concentrated along the bulging area, whereas the shear stress 

and strain are highest at the four edges, normal to the direction of 
horizontal deflection, close to the bonded surfaces. These observations 
are in line with the extensive theoretical investigation of Kelly [54], 
showing that high shear stresses appear at the corner of rubber pads, and 

Fig. 10. Contour plot of compressive and shear Cauchy stresses (S) and compressive and shear engineering strain (NE) subjected to (a) Compressive load of 19 kN, 
(b) Compressive load of 19 kN in combination with horizontal displacement. 

Table 2 
Nominal and local stresses and strain values (First three columns related to Fig. 10a, last two related to Fig. 10b).    

True axial stress 
[N/mm2] 

Axial strain at  
max compression [–] 

Shear strain at  
max compression [–] 

True shear stress 
[N/mm2] 

Shear strain at  
max shear [–] 

Nominal 2.25 0.16 0.80 0.68 0.8 
Maximum local neo-Hookean 3.54 0.85 1.20 3.58 3.20 

Yeoh 3.34 0.88 1.24 2.82 3.75 
Ogden 3.35 0.88 1.25 2.83 3.76 

Δ% to nominal neo-Hookean 57 445 50 427 300 
Yeoh 48 463 55 316 369 
Ogden 49 464 57 317 370  
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with previous numerical studies on the response of elastomeric bearings 
[20]. Under horizontal displacement, compressive stresses and strains 
are distributed along a diagonal strip that corresponds to the compres-
sion strut, whereas tensile stresses are concentrated at top right and 
bottom left areas of the bearing [20]. It is also interesting to note that the 
steel reinforcing plates undergo bending deflections, but without expe-
riencing yielding. 

Table 2 reports the values of the nominal true axial and shear stresses 
and nominal strains obtained numerically. The stresses are evaluated by 
dividing the maximum vertical and horizontal reaction forces by the 
cross-sectional area of the bearing in the deformed configuration (i.e. 
the cross sectional area at which the compressive/horizontal displace-
ment is applied), respectively. The strains are obtained by dividing the 
maximum vertical and horizontal displacements by the rubber bearing 
height, respectively. These values are compared with the maximum 
local stress and strain extracted from the contour plots of the numerical 
investigation, showing that the latter are significantly higher than the 
nominal values. The amplification percentage has been calculated as the 
difference between the nominal (from hand calculations) and local 
(from FE analysis) value divided by the nominal value. 

Fig. 11a shows the force-displacement loops obtained numerically 
using the Yeoh constitutive model and Rayleigh damping to simulate the 
results of the sinusoidal tests at different shear strain levels under the 
compressive load of 19 kN. For small displacements, up to γ = 40%, the 
bearing has an almost linear behaviour, with low energy dissipation 
achieved as illustrated both experimentally and numerically in Fig. 11c. 

Non-linear force-displacement behaviour is then observed as the 
displacement amplitude is increased. The horizontal secant stiffness of 
the bearing, obtained by dividing the base shear force by the maximum 
displacement at each incremental step, is plotted in Fig. 11b for each 
material model considered and compared against the experimental re-
sults. The increasing trend in secant stiffness is due to boundary con-
ditions (i.e. reduction of axial force). In general, the experimental and 
numerical values are very close, except for low shear strains, for which 
the numerical model is more flexible. The equivalent viscous damping of 
the bearing is evaluated numerically and compared with the experi-
mental results, as shown in Fig. 11d. Both experimental and numerical 
results show that with the increase of shear strains, the damping 
decreases. 

2.3. Influence of axial compression on horizontal response and critical 
load estimation 

The behaviour of LSF isolation bearings under shear loading is 
strongly influenced by the applied compression load. In particular, this 
load induces a significant reduction of the shear stiffness due to 
nonlinear geometrical effects (i.e., p-delta effects). However, in the case 
of LSF bearings the bulging of the rubber layers due to compression 
enhances the bearing stability by strongly increasing the tangent tilting 
stiffness of the individual bonded sandwiches [55]. In the case of 
bearings with high shape factor, the effect of the bulging on the tilting 
stiffness is expected to be negligible. The pressure also increases the 

Fig. 11. Cyclic behaviour of the bearing under different shear amplitudes with a static vertical displacement equivalent to a load of 19 kN; comparison of experiment 
with hyperelastic FE augmented with Rayleigh damping: (a) Hysteretic loops from the sinusoidal tests with amplitudes ranging from 10% up to 80% shear strain; (b) 
Secant shear stiffness-nominal shear strain relation; (c) Energy dissipated by the bearing, (d) Equivalent damping ratio at different levels of shear strain. 
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damping capabilities under horizontal loading [23,47,56]. An analytical 
model capable of accurately describing all these effects in bearings for 
all possible values of shape factors has not been developed, yet. A simple 
mechanical model was developed in the past by Koh and Kelly [23,57] to 
describe the coupled vertical-shear response of elastomeric isolation 
bearings with high shape factor. This model was validated against some 
experimental results on bearings with values of S in the range 5–10. The 
dependency of horizontal stiffness on vertical stresses was studied also 
including large displacements and non-linearity of rubber by other au-
thors [24,58]. However, these theories are accurate only in the case of 
high shape factors and fail in providing a description of the behaviour of 
LSF bearings. 

The 3D FE modelling strategy described in this study simulates with 
accuracy such shear-compression behaviour of LSF bearings. Fig. 12a 
shows the capability of the FE model to describe the sinusoidal tests 
performed at different compression levels for an 80% shear strain 
amplitude. Fig. 12b-c-d shows the results of the numerical analysis 
performed at different vertical loads and the comparison with the 
experimental results. Fig. 12b compares the estimates of the initial shear 
stiffness at zero shear displacement for increasing values of the applied 
vertical displacement according to the numerical FE models and the 
experimental results. In general, the horizontal stiffness reduces for 
increasing compression levels, attaining the critical condition of zero 
initial tangent stiffness for compressive loads higher than that consid-
ered experimentally. The variation with the compressive load of the 
energy dissipated (Fig. 12c) and of the equivalent damping ratio 

(Fig. 12d) are both well described by the Yeoh FE model together with 
Rayleigh damping. 

The maximum compressive load considered experimentally is 29 kN 
as shown in Fig. 12b. However numerical analyses are also performed 
for higher compression levels to estimate the critical load and the cor-
responding axial deflection. It can be observed that the vertical de-
flections are significant, i.e. about 26% of the total rubber height, due to 
the compliance of the LSF bearing. Table 3 illustrates the numerical 
estimates of the critical load Pcr and the axial deflection dcr according to 
the various constitutive laws considered in the numerical models. Re-
ported in the same table is also the critical load estimated according to 
the theory of Koh and Kelly [23], which is only 19% of the values 
evaluated via the FEAs. 

In order to investigate the influence of the boundary conditions on 
the behaviour at large horizontal displacements, two quasi-static nu-
merical analyses are carried out. The first one consists of the application 

Fig. 12. Cyclic behaviour of bearing under different compression levels with 80% shear strain: (a) Hysteretic loops from the sinusoidal tests, (b) Shear stiffness vs 
vertical compression load, (c) Energy dissipated by the bearing, (d) Equivalent damping ratio. 

Table 3 
Critical load estimated by Koh and Kelly and numerical estimates of critical load 
and corresponding axial deflection.  

Koh and 
Kelly 

FEA 

Ogden Yeoh neo-Hookean 

Pcr(kN) Pcr 

(kN) 
dcr 

(mm) 
Pcr 

(kN) 
dcr 

(mm) 
Pcr 

(kN) 
dcr 

(mm) 
7.4 40 15.69 39 15.02 41 15.19  
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of a constant axial load of 19 kN and 39 kN to the bearing, followed by a 
monotonically increasing horizontal displacement. In the second test, 
the bearing is subjected to a vertical displacement corresponding to a 
vertical compression of 19 kN and 39 kN, which is kept constant when 
the increasing horizontal displacement is applied. Fig. 13a illustrates 
how the two responses, in force-controlled and displacement-controlled 
mode, (and thus the horizontal initial stiffness) are coincident for low 
values of the horizontal displacement, whereas for increasing horizontal 
displacements the force-controlled test exhibits a softer response and 
attains a condition of zero horizontal tangent stiffness [59] as shown in 
Fig. 13b for 19 kN axial load. In the case of fixed vertical displacement, 
the bearing exhibits a hardening behaviour in the horizontal direction, 
with the horizontal displacement resisted by a tensile load in the 
bearing. Eventually, the bearing would fail due to either cavitation or 
debonding between the rubber layer and the steel laminates. These re-
sults are very important, since they show that the test setup described in 
Section 2.1, which is cheaper and simpler than the one employed in 
other studies in the literature, is valid not only for model calibration and 
validation, but also for estimating the initial stiffness and buckling load 
of the bearings. It is worth observing that regardless the boundary 
conditions, the buckling load is attained at 39 kN, according to the Yeoh 
numerical model. 

3. Shaking table tests 

3.1. Prototype, tests description and dynamic identification 

This subsection describes the shaking table tests carried out at the 
Department of Structures for Engineering and Architecture of University 
of Naples Federico II on a prototype base-isolated building with LSF 
bearings [18]. The superstructure is a one storey steel frame (Fig. 14) 
and it has a total height of 2900 mm and plan dimensions of 
2650 × 2150mm. The columns are fabricated by full penetration weld-
ing of four steel plates, have a box section 150 × 150 × 15mm, and they 
are connected to the base floor by means of a steel plate (610 × 450mm). 
The beams of the top floor are pinned to the columns and are hot-formed 
square hollow sections 120 × 120 × 12.5 mm. The four perimetric 
beams at the base of the frame have HEM 160 profile. The bearings are 
identical to those tested at TARRC. The same mock-up has been recently 
used for bi-directional tests on recycled rubber and fibre-reinforced 
unbounded isolators [60,61]. 

Concrete blocks were added to the two levels to achieve a total mass 
Mtot = 7.7 tons. The total base floor mass is equivalent to 3.6 tons and the 
top floor mass is equal to 4.1 tons. Ground motions were applied along 
the direction in which the frame span is 2650 mm. The vibration period 
of the fixed-base structure is Ts = 0.24 s. The isolation system of the 
scaled prototype was designed to achieve a nominal horizontal vibration 

Fig. 13. Shear force-displacement behaviour: (a) Force-controlled and displacement-controlled test results at 19 kN and 39 kN compression levels, (b) Schematic 
representation for stability limit at 19 kN [59]. 

Fig. 14. (a) Prototype building and instrumentation set-up, (b) view of the test frame of the shaking table at the DiST laboratory University of Naples Federico 
II [62]. 
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period Tis = 0.92 s, estimated from an assumed value of the rubber shear 
modulus of 0.5 MPa and considering the superstructure as rigid and the 
bearings as infinitely stiff in the vertical direction. Under these simpli-
fying assumptions, the nominal isolation period can be expressed as 
Tis = 2π√(Mtot/Kis), where Kis ≈ 4GA/nh is the total stiffness of the set of 
four bearings, each of rubber area A and total rubber thickness nh, in the 
horizontal direction. It is noteworthy that the system was designed 
considering a geometry scale factor of 1/3 and an elastic modulus scale 
factor of 1. Therefore, according to the dynamic similitude rule, the 
equivalent period of the full-scale structure is Tfs = 1.59 s, (i.e. Tfs=

√3Tis). 
Random vibration tests with white noise excitation were performed 

on the shaking table before seismic excitation tests to characterize 
dynamically the model structure and evaluate the modal parameters of 
the isolated system. In particular, the dynamic identification is per-
formed using the recorded acceleration responses at both base and top 
level from two random input tests (i.e. Test 1, Test 2) that produced a 
peak horizontal displacement of the bearings of 7.44 mm and 16.33 mm, 
corresponding respectively to 13% and 29% of shear strain. Two com-
mon techniques have been used to calculate the modal parameters, 
namely the Stochastic Subspace Identification (SSI) [63] and Frequency 
Domain Decomposition (FDD) [64] methods. The difference between 
the two methods is that the latter calculation uses the output that excites 
the system, whereas the former only uses the input. 

Table 4 summarizes the results of the application of these two 
methods, in terms of modal shapes, frequencies and damping ratios. It 
can be observed that the fundamental vibration period is higher than the 
value of 0.92 s assumed for the design. This is due to the simplifications 
made at the design stage, namely the assumptions of a rigid super-
structure, of rubber bearings infinitely stiff in the vertical direction, a 
shear modulus of rubber of 0.50 MPa and neglecting the effect of the 

compressive load in reducing their shear stiffness. Using the initial 
bearing stiffness Kis evaluated in Section 2.3 under the axial load of 19 
kN an isolation period Tis = 2π√(Mtot/Kis) = 1.21 s is obtained, which is 
close to the experimental values. 

3.2. Advanced 3D seismic analysis 

A FE model of the isolated structure is developed in Abaqus to 
evaluate the effect of the axial compliance of the bearings on the dy-
namic properties of the system, to simulate the shaking table tests, and 
to analyse the effect of variation of axial loads, during the motion, on the 
response of the bearings. Fig. 15a illustrates the developed model, which 
consists of only half of the total structure, due to symmetry. Beam ele-
ments (i.e. “wire elements” in Abaqus) are employed to describe the 
frame, whereas the same model described in the previous sections is 
used for the bearings. The global coordinates are defined as shown in 
Fig. 15, where the z axis is perpendicular to the x-y plane. The steel 
columns and beams of the frame are assumed to remain elastic, and thus 
are described by assigning a Young’s modulus of 210,000 MPa, a Pois-
son’s ratio of 0.3, and mass density of 7.8E− 09 ton/mm3. Rigid elements 
180 mm high are used between the columns and the bearings to simulate 
the actual height of the beams and slab at the base floor. In the FE- 
model, the upper surface of the rectangular plate is connected with 
the bottom node of the rigid element using a “coupling kinematic 
connection” (see Fig. 15b). Mass elements are added to describe the 
bottom and top floor weights. The total weight of the superstructure 
model including the base beam and the top and bottom floor masses is 
3.85 ton, which is half of the total superstructure mass and corresponds 
to a vertical load of 19 kN on each rubber bearing. The out-of-plane 
displacement along z and rotation about x of nodes on the x-y plane 
are restrained to account for symmetry conditions. Fig. 15a also 

Table 4 
Dynamic identification from white noise tests on the isolated system.    

SSI FDD   

Mode 1 Mode 2 Mode 1 Mode 2   

Test 1 Test 2 Test 1 Test 2 Test 1 Test 2 Test 1 Test 2 

Mode shape Base 0.893 0.898 − 1 − 1 0.895 0.899 − 1 − 1 
Top 1 1 0.708 0.746 1 1 0.792 0.782 

Frequency [Hz] 0.83 0.81 3.7 3.78 0.78 0.78 3.71 3.71 
Natural Period [s] 1.21 1.24 0.27 0.26 1.28 1.28 0.27 0.27 
Damping Ratio 0.0752 0.0642 0.0797 0.0425 0.0605 0.0549 0.0605 0.0549  

Fig. 15. (a) FE model of the isolated structure, (b) Contact details.  
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illustrates the four nodes and the two degrees of freedom that have been 
considered for the calculation of the mode shapes: nodes 1–2 represent 
the isolation system whereas the superstructure is described by nodes 
3–4. 

Static analysis is first carried out under the self-weight of the system. 
Subsequently, an eigenvalue analysis is performed. Table 5 shows the 
natural periods and the mode-shapes correspondent to the horizontal 
and vertical displacement, denoted as ux,i and uy,i, respectively, where i 
is the i-th node. The mode shapes and natural periods for the first two 
vibration modes associated with the horizontal displacement, exhibit a 
good agreement with the values obtained from system identification of 
the recorded data (Table 4). The fundamental period of the numerical 
model is higher than the isolation period Tis = 1.21 s obtained by dis-
regarding the compliance of the bearings in the vertical direction and 
assuming rigidity of the superstructure, as expected. It is also slightly 
higher than the fundamental isolation period evaluated experimentally 
using SSI and FDD methods (respectively 1.21 s and 1.28 s). 

Fig. 16 also illustrates the mode shapes for the first two modes. It is 
evident that the first dynamic mode of the isolated structure involves 
mainly a horizontal motion of the isolation system, with a slight in-phase 
rocking of the building, whereas the second mode involves strong 
antiphase motion but with significant deformation of the bearings in the 
vertical direction, with one bearing being compressed and the other 
extended by the rocking. Thus, some coupling is expected between the 
horizontal and vertical response of the bearings, even under the appli-
cation of horizontal component of the earthquake [13]. It is noteworthy 
that the vibration periods of the first and second mode obtained by 
performing the eigenvalue analysis on the system not subjected to the 
static gravity loadings are equal respectively to 0.97 s and 0.30 s. Thus, 
the fundamental period increases by about 40% considering the effect of 
static loadings, whereas the period of the second mode decreases slightly 
by about 10%. This is due to the increase of axial stiffness of the 

bearings, which reduces the rocking component of vibration motion 
(Fig. 16b). 

After application of the self-weight of the frame, dynamic implicit 
time-history analysis is carried out to simulate seismic response of the 
base-isolated frame under Bingol earthquake. Other seismic records 
were also considered in the experimental tests, but the response under 
this earthquake is the most interesting one since it is characterized by 
the largest displacement demands in the bearings among the various 
records and a condition close to instability. 

It is noteworthy that the analyses are computationally very expen-
sive, due to the high number of degrees of freedom, the use of a large 
displacement formulation and the bearings being in a highly deformed 
condition, and also approaching instability. Thus, >3 days are required 
on a medium-performance personal computer to run this analysis. 

Fig. 17a shows the earthquake history imposed on the bottom of the 
bearing in the FE analysis. The initial time step of integration is 0.02 s, 
which is automatically reduced, if necessary. Fig. 17b-c-d show and 
compare the time histories of relative horizontal displacement of the 
bearing, interstorey drift (calculated as relative top-base displacement 
over interstorey height) and acceleration of the superstructure accord-
ing to the experimental test [18] and the FE model. 

The relative horizontal displacement of the bearing is the displace-
ment of the top of the bearing with respect to the ground (that is the 
bottom of the bearing). The agreement between the two bearing re-
sponses (Fig. 17b) is quite good, up to approximately 10 sec, at which 
point the amplitude of the input ground motion decreases and the dif-
ferences between the test and model becomes more significant. This may 
be due to the fact that the bearing model is more flexible than the actual 
bearing at low nominal shear strains (Fig. 11b). Moreover, higher dis-
crepancies between the model and test results are observed for the su-
perstructure acceleration and drift responses. This may also be due to 
the fact that the connection of the steel column to the base has some 

Table 5 
Abaqus FEA - Natural periods and mode shapes for base-isolated model.  

Mode   First (Isolation mode) Second Third 

Natural Periods [s]    1.39  0.27  0.19 
Natural Frequency [Hz]    0.72  3.70  5.26 
Mode Shape ux,i 1  0.89  1.00  0.0003 

2  0.89  1.00  − 0.0003 
3  1.00  − 0.63  − 0.0016 
4  1.00  − 0.63  0.0016 

uy,i 1  0.026  − 0.379  1.00 
2  − 0.026  0.379  1.00 
3  0.026  − 0.379  1.00 
4  − 0.026  0.379  1.00  

Fig. 16. Mode Shapes corresponding to (a) the first mode, and (b) the second mode.  
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flexibility, while it is assumed to be rigid in the numerical model. This 
discrepancy is reflected in the shape of mode 2, with the experimental 
modal shape characterised by higher superstructure deflections (0.708) 
compared to the numerical shape (0.63). It is noted that the oscillation 
period, measured as the distance between two consecutive displacement 
peaks, is equal to 1.38 s (i.e., the value of the fundamental period from 
eigenvalue analysis) for small displacement amplitudes, and 1.5 s for 
higher displacement amplitudes. This shows that at high amplitudes of 
deformation the bearing stiffness reduces significantly, as discussed 
more in detail below. Fig. 17e shows the rotation experienced by the 

base slab under seismic load, which is in phase with the bearing 
deflection and thus is induced by the deformation of the bearings in the 
vertical direction. Fig. 17f illustrates the contributions to the displace-
ment response of the top node by the horizontal deflections of the 
bearings, the superstructure deflection, the rocking contribution of 
Fig. 17e and the sum of the three contributions. It can be observed that 
the displacements are all in phase (suggesting mode 1 of Fig. 16a pre-
dominates) and the top node response (see Fig. 15a) is dominated by the 
bearing deflection. This outcome is in agreement with relevant literature 
on 3D seismic isolation providing a major contribution of the rocking 

Fig. 17. (a) Input ground motion: Bingol acceleration time history, (b) Relative Displacement Isolator time history, (c) Interstorey drift, (d) Acceleration at the top of 
the superstructure, (e) Rotation time history, (f) Time-history of the various contributions to the top node displacement. 
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mode in case of vertical frequency lower than 1.0 Hz (i.e. approximately 
30% of the second mode frequency in Table 5) [16,65]. It can be noted in 
Fig. 17f that superstructure and rocking contribution time history are 
almost overlapping demonstrating that damage to non-structural com-
ponents can be mainly due to the former component rather the latter, i.e. 
approximately 50% of total interstorey drift in Fig. 17c. 

Fig. 18 shows the bearing deformed shape and the corresponding 
shear strains and stresses observed at the time when the displacement 
response is the highest (i.e., 48 mm). It can be observed that the local 
shear strains vary significantly within the rubber and their values can be 

very different to the nominal one, which is 80%. Regarding the stresses 
distribution, local tensile stresses are developed within the bearing due 
to the bulging of the layers. 

The Bingol earthquake involves highly non-linear behaviour in the 
bearing as well as coupling between the horizontal and vertical re-
sponses. In order to shed light into this aspect, Fig. 19a shows the time 
history of the vertical reaction for the left and right bearings of the 
isolated structure and Fig. 19b shows the variation of the vertical force 
with the horizontal displacement for the two bearings; the significance 
of rocking is evident from the inverse correlation between left and right 

Fig. 18. Contour plot of the shear strains (left) and stresses (right) component within the bearing.  

Fig. 19. Numerical analysis results under Bingol earthquake: a) Variation of vertical load with time, b) Vertical load-horizontal displacement behaviour, c) Variation 
of horizontal load with time, d) Horizontal load vs horizontal displacement. 
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bearings. It can be observed that the vertical forces exhibit a significant 
excursion, with values varying in the range between 16 kN and 24 kN. It 
is also interesting to observe that higher modes of vibration significantly 
affect the bearing responses in the vertical direction. 

Fig. 19c-d illustrate respectively the time history of the horizontal 
reaction and horizontal force-displacement relationship for the left and 
right bearings. It can be observed that when the bearings are sheared to 
the positive horizontal direction, the vertical compression force in the 
left bearing reduces, while the one in the right bearing increases, while 
an opposite behaviour is observed in the opposite direction, as expected. 
When the compressive load increases, the horizontal tangent stiffness 
decreases, approaching a zero value for a vertical load of about 30 kN as 
shown in Fig. 12b. 

4. Conclusions 

This study investigates numerically the mechanical behaviour of 
elastomeric bearings with low shape factor (LSF) under compressive and 
shear loading, and the dynamic behaviour of a structure mounted on 
them. For this purpose, an unconventional test setup has been employed 
at Tun Abdul Razak Research Centre (TARRC), where LSF rubber 
bearings with low damping have been subjected first to compression, 
and then to shear loading under fixed compressive displacements. A 
three dimensional (3D) numerical model has been developed in Abaqus 
for simulating the experimental tests. Based on the results of these in-
vestigations, the following conclusion can be drawn: 

These results are very important, since they show that the test setup 
described in Section 2.1, which is cheaper and simpler than the one 
employed in other studies in the literature, is valid not only for model 
calibration and validation, but also for estimating the initial stiffness and 
buckling load of the bearings.  

• The 3D numerical model provided useful information in terms of 
local stress and strain in the rubber bearing due to the application of 
vertical load of 19 kN and of 80% shear strain. Tensile stress and 
strain are concentrated along the bulging area when the bearing is 
subjected to the maximum compression load. Under maximum hor-
izontal displacement, the contour plots show the formation of a 
compression strut, whereas tensile stresses are concentrated along 
the opposite diagonal.  

• Hyperelastic material models, calibrated against material double- 
shear tests, can be used to accurately describe the complex 
nonlinear shear response of compressed LSF bearings. The neo- 
Hookean model provides a good fit for the shear rubber response 
up to nominal shear strains of 100% whereas the Yeoh and Ogden 
hyperelastic material models are found to also describe properly the 
rubber material behaviour for larger nominal shear deformations. 
Moreover, when analyzing the local behaviour, which includes small 
regions of high strain, significant differences are observed between 
predictions of the neo-Hookean model and those of the Yeoh and 
Ogden models, which are larger than the differences observed in the 
global vertical and horizontal force-deflection responses.  

• Analytical formulations such as the one developed by Koh and Kelly 
for simulating the behaviour of isolation bearings with high shape 
factors cannot be used for the LSF bearings considered in this study 
and underestimate significantly the critical load and the horizontal 
stiffness of the compressed bearings. On the other hand, the 3D nu-
merical models provide accurate simulations of the sinusoidal tests 
performed at different compression levels, with satisfactory pre-
dictions of the effect of compression on both the horizontal stiffness 
and damping. 

In the second part of the paper, shaking table tests carried out on a 
structure isolated on LSF bearings are simulated using the advanced 3D 
numerical model of the bearings. Based on the results of these analyses, 
it can be concluded that:  

• The simulated modal properties and response of the isolators under a 
horizontal earthquake input are in very good agreement with the 
experimental results, whereas the response of the superstructure is 
slightly underestimated. In particular, the relative errors in terms of 
maximum absolute value of interstorey drift and acceleration at the 
top of the structure are of the order of 40% and 30%, respectively.  

• The displacement response of the system is dominated by the 
deflection of the bearings, whereas the contribution of the super-
structure flexibility and of the rocking of the base due to the vertical 
compliance of the bearings is significantly smaller despite the bear-
ings are quite flexible vertically.  

• The horizontal force-displacement relationship of the bearings is 
linear for shear deformations up to 30%, whereas for higher values a 
notable and rapid reduction of the tangent stiffness is observed due 
to the nonlinear geometrical effects. 

A future study will investigate the performance and modeling of LSF 
bearings made with high damping rubber compounds, characterized by 
a more complex mechanical behaviour, which have been also the object 
of experimental investigations. Further numerical analyses and para-
metric studies will be carried out to evaluate the capability of the LSF 
bearings to provide full three-dimensional isolation, to investigate the 
coupling between the rocking response and the horizontal response and 
how the vertical compliance of the bearing influences the rocking 
behaviour. Finally, simplified LSF bearing device models will be devel-
oped and implemented in nonlinear seismic analysis codes such as 
OpenSees and SAP2000, allowing to perform more extensive analyses of 
the seismic response of structures mounted on LSF bearing. 
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[38] DassaultSystèmes. ABAQUS/CAE 6.13user’s Manual. Abaqus Ver. 6.13 
Documentation, Providence, RI; 2018. 

[39] Ohsaki M, Miyamura T, Kohiyama M, Yamashita T, Yamamoto M, Nakamura N. 
Finite-element analysis of laminated rubber bearing of building frame under 
seismic excitation. Earthq Eng Struct Dyn 2015;44:1881–98. https://doi.org/ 
10.1002/eqe.2570. 

[40] Saidou A, Gauron O, Busson A, Paultre P. High-order finite element model of 
bridge rubber bearings for the prediction of buckling and shear failure. Eng Struct 
2021;240:0141–296. https://doi.org/10.1016/j.engstruct.2021.112314. 

[41] Ragni L, Tubaldi E, Dall’Asta A, Ahmadi H, Muhr A. Biaxial shear behaviour of 
HDNR with Mullins effect and deformation-induced anisotropy. Eng Struct 2018; 
154:78–92. 

[42] Chopra AK. Dynamics of Structures: Theory and Applications to Earthquake 
Engineering. 2012. Upper Saddle River, N.J.: Prentice Hall. 

[43] Cuomo G. Design, Development And Experimental Validation Of Multilayer 
Modular Laminated Natural Rubber Isolators. Naples: University of Naples 
Federico II; 2014. 

[44] Gough J, Muhr AH. Initiation of failure of rubber close to bondlines. Proc. 
International Rubber Conference. 2005, Maastricht. IOM Communications Ltd, 
London, 165-174. 

[45] Aiken ID, Kelly JM, Clark PW, Tamura K, Kikuchi M, Itoh T. Experimental studies 
of mechanical characteristics of three types of seismic isolation bearings. 10th 
World Conference on Earthquake Engineering. 1992. 

[46] Pond TJ, Thomas AG. The mechanics of laminated rubber bearings. J Nat Rubb Res 
1993;8(4):260–74. 

[47] Thomas AG. The Design of Laminated Bearings I. In: Proceeding Conf. NR Earthq. 
Prot. Build. 1982; 229–246. 
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