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a b s t r a c t

Multilayer laminated rubber bearings are the most common antiseismic devices, typically used to isolate
buildings. They are made with steel reinforcing layers that provide a vertical stiffness several hundred
times the horizontal one. Although these bearings appear to be very stable, they face a buckling phenom-
enon, caused by low shear stiffness, that needs to be investigated.

In particular cases, seismic codes might require that bearings take some amount of tension that should
be contemplated in the design. Several studies demonstrated that the buckling analysis for compression
leads to the prediction that the isolator can buckle in tension at a load close to that for buckling in com-
pression.

Moreover, the predicted tensile buckling load is in general, not achievable, since the elastomer in ten-
sion experiences cavitation at relatively low tension stresses. However, numerical simulations have
shown that tensile buckling in multilayer elastomeric bearings is also possible in the absence of cavita-
tion.

In this paper an analytical formulation to predict the instability of a rubber bearing affected by cavita-
tion is elaborated. A procedure to calculate buckling load in tension in the presence of cavitation is devel-
oped for both long strip bearings and circular bearings. The analysis is conducted by using an analytical
model that describes the effects of cavitation on both compressive and bending stiffness of rubber bear-
ings used for antiseismic purposes.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Many recent examples of isolated buildings use multilayer
laminated rubber bearings with steel reinforcing layers as the
load-carrying components of the structure [1–3]. The internal steel
plates provide a vertical stiffness several hundred times the hori-
zontal stiffness [4], therefore these bearings appear to be very
stable. Nevertheless, the low shear stiffness causes a buckling phe-
nomenon that has been widely studied and the developed theory is
considered to be reasonably accurate to design bearings with a
large safety factor against the buckling instability [5–7].

The buckling theory is based on a linear elastic analysis and,
even though the elastomer is not really linearly elastic, the pre-
dominant deformation is one of shear. The elastomers typically
used in bearings are very linear in shear over a large range of strain
[8]. Studies conducted by Kelly and further researchers [9–11] have
demonstrated that the linear theory, while approximated, is
relatively accurate and is adequate for most design purposes.

Unexpectedly, the buckling analysis for compression predicts
that the isolator can buckle in tension at a load close to that for
buckling in compression. There are many examples of unusual
systems that buckle in tension but effectively the tension forces
are always transferred to compression elements that produce the
instability. This is not the case that we want to study, where the
buckling process is really tensile.

In order to elucidate the idea of compression and tension buck-
ling in such bearings, an extremely simple linear elastic model has
been developed. It might be argued that the tensile buckling may
be an artefact of the model itself and not of the isolator. For this
purpose, results of the simple model have been verified through
numerical simulations [12,13], by using a finite element model of
a multilayer elastomeric bearing. They show that the prediction
of tensile buckling by using the simple linear elastic theory is in
fact accurate and not an artefact of the model.

In the numerical simulations already developed the occurrence
of cavitation is neglected [14–17]. Nevertheless, the predicted ten-
sile buckling load will generally not be achievable in practice, since
the elastomer in tension will experience cavitation at relatively
low tension stresses.

Consider the cross section of a single layer of rubber in a multi-
layer elastomeric bearing, highly constrained by rigid steel plates
on its upper and lower surfaces and under hydrostatic compressive
and tensile loading. On the free edges, stress components in the
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loading and the out-of-plane directions are generated, but the
material is not constrained in the horizontal direction. On the other
hand, in the centre the material is confined in all three directions
and a positive or negative hydrostatic state of stress is developed
[18]. Fig. 1 shows the state of tension stress in the central region
of a layer of rubber, rigidly constrained.

Although bearings are typically used in compression, in the case
of tall buildings in near-fault locations, seismic code requirements
can lead to situations where some bearings in an isolation system
can be required to take some amount of tension. Research has
already been conducted on the simultaneous occurrence of tension
and shear, since it allows the prevention of damage developing due
to cavitation in the isolator [14].

Hereafter, the authors intend to study the tension buckling
when cavitations occur. Cavitation damage starts to develop at
the centre region where the largest hydrostatic tensile stress state
exists [18]. Under this state of triaxial tension, the rubber, which is
apparently intact, develops internal ruptures that can tear open
and form cracks. Therefore, further increase of load causes the
damaged region to expand [19].

It is not clear if bubbles in the rubber develop, but it has been
shown experimentally that a large reduction in the bulk modulus
can take place when cavitation happens. It is also likely that the
shear modulus is unaffected by cavitation [18].

In most of the analyses on the deformation of the rubber, the
material is treated as incompressible because of the high ratio of
the initial bulk modulus to the shear modulus [19,20]. However,
in the case of a rubber bearing, where the rubber is highly con-
strained, the assumption of incompressibility may not always be
realistic.

The bulk modulus has values that depend on vulcanisation and
temperature and it is generally assumed to be strain independent,
with typical values between 2000 and 3000 MPa [21]. When
cavitation happens, the bulk modulus reduces and, consequently,
the ratio of the bulk modulus to the shear modulus is substantially
reduced. Thus, the mechanical properties of the bearing, essential
for the buckling analysis, such as the effective compression modu-
lus and the bending stiffness, must include the effect of compress-
ibility [22].

The approach that has been adopted to define the main
mechanical properties consists of implementing a simplified the-
ory based on two assumptions concerning the kinematics of the
deformation and the stress state. The first one considers that, in
the cross section, the points on a vertical line before deformation
lie on a parabola after loading, and the second one presumes that
the horizontal planes remain horizontal [23]. These assumptions
provide a type of solution based on the strength of the materials.

Thereby, they will provide the basis for approaching the buckling
of the bearing in tension in the presence of cavitation [14].

2. The effect of cavitation on the mechanical characteristics of
rubber bearings

The onset of buckling instability in a multilayer bearing de-
pends on the shear modulus G, on the effective compression mod-
ulus of the rubber–steel composite, Ec, and on the effective bending
stiffness (EI)eff, about the y-axis, of a rubber pad constrained be-
tween rigid layers [24,25]. Details on the derivation of the effective
bending stiffness will be given hereafter.

When the hypothesis of incompressibility is valid, both effective
compression modulus and effective bending stiffness of the mate-
rial depend only on the shear modulus and on the cross-sectional
shape of the bearing. For instance, consider a long strip bearing
as shown in Fig. 2, with width 2b, thickness of a single layer of rub-
ber t, thickness of a single layer of steel reinforcing layer ts, and h
the height of the bearing without ending steel plates. The effective
compression modulus of the rubber–steel composite is given by:

Ec ¼ 4GS2 ð1Þ

Ec is controlled by the first shape factor, S, which is defined as a
dimensionless measure of the aspect ratio of the single layer of the
elastomer, and by the shear modulus, G [26]. The analysis on an
infinite strip bearing is conducted on a single pad of width 2b
and fix length a = 1. For the long strip bearing shown in Fig. 2 the
first shape factor is:

S ¼ b
t

ð2Þ

The moment of inertia I of the cross section 2b � a, about the axis
of bending y, is calculated and then, by following the theory ex-
pressed by Kelly – see [27] for full derivations, the effective mo-
ment of inertia Ieff = 1/5I is assumed. The one fifth factor arises
from the cubical distribution of pressure that generates the resul-
tant moment in the bearing. The bending stiffness of such bearing
becomes:

ðEIÞinc
eff ¼

1
5

EcI ð3Þ

In the presence of cavitation, as a result of the increase in
volume, the bulk modulus of the rubber in hydrostatic tension
reduces, therefore it is essential to include the effect of compress-
ibility in Eq. (1). The reduction of the bulk modulus depends, then,
on how much the tensile strain exceeds the threshold for the
initiation of cavitation, that here is assumed to correspond to a

+p

Z

Xt

+ σ z

+ σ z

+ σ x+ σ x

Fig. 1. State of tension stress in the centre region of a single layer of rubber.
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Fig. 2. An infinite strip pad of width 2b, with n number of layers of rubber with
height t and ns number of layers of reinforced steel with height ts.
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