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ABSTRACT

The behavior of high damping rubber bearings is highly complex. The models that are currently
available are generally limited to unidirectional motion and, in most cases, difficult to extend to
general bidirectional loading. One of the major limitations is their inability to characterize the
behavior of the bearings at different levels of shear deformation. In the present work, a set of
bidirectional models are presented, obtained by combining relatively simple bi-dimensional
formulations. The models are calibrated over a set of unidirectional test data and are shown to
accurately describe the response of the bearings at low, intermediate and high strain levels using a
single set of parameters. Validation is carried out using bidirectional displacement-controlled tests
available in the literature and numerical simulations are performed of a base-isolated building
subjected to free vibration and bidirectional earthquake excitation.
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1. Introduction

Seismic isolation is a worldwide adopted technology for the protection of buildings and bridges
from earthquakes. Building codes [1, 2] in countries that are prone to strong ground motions
contain sections regulating the design, construction and retrofit of structures using seismic
isolators. High damping rubber bearings (HDRBSs) are one type of seismic isolator that is nowadays
widely used around the world. They consist of layers of elastomeric pads, providing horizontal
flexibility, reinforced with steel shims providing vertical stiffness [3]. The rubber is typically filled
with carbon black, oils or resins to provide energy dissipation capacity. The behavior of HDRBs
has features that are particularly appealing for earthquake protection. The bearings exhibit i) high
stiffness and damping at low shear strains, minimizing the response under service loads and wind,
ii) low shear stiffness, but yet adequate damping capacity, at the design displacement level, iii) an
increase in stiffness and damping at higher displacement amplitudes, useful to limit displacements
under major earthquakes. This highly nonlinear behavior makes the analysis of the response of
such bearings quite challenging. While simple bilinear idealizations may be adequate to
characterize the force-deformation response of isolation devices such as lead-rubber bearings and
sliding isolators, the analysis of the behavior of HDRBs requires the development of more
sophisticated mathematical models. Some other aspects that are difficult to account for are the
variation of horizontal stiffness with axial load and the dependence of the buckling load on shear
deformation. In addition to gravity loads, isolation bearings can be subjected to varying axial loads
induced by strong wind and earthquakes. Sometimes, especially in tall buildings, the variation of
vertical load can result in tension forces for some of the bearings. Seismic compressive overloads
can cause buckling of the bearings, whereas tension may determine cavitation in the rubber layers.
Axial forces in bearings are also affected by vertical ground accelerations, requiring the
development of models that can account for the simultaneous action of horizontal and vertical
ground motions. Further challenging factors are the bearings’ stiffness and strength degradation
associated with loading history and the variation of their properties with temperature. Cyclic



displacement-controlled laboratory tests on HDRBs reveal that force and stiffness of a virgin
bearing are significantly larger in the first cycle than they are in subsequent cycles. Stiffness and
strength degradation in the first cycle of loading at a given shear strain amplitude is often denoted
as scragging [4], whereas the slow degradation in following cycles is denoted as Mullins’ effect
[5]. If such effects are not accounted for, models that are calibrated with respect to the scragged
cyclic response of the bearings will inevitably underestimate forces in the early stages of an
earthquake. On the other hand, models that are unable to capture the long-term stiffness and
strength degradation typical of the Mullins’ effect will underestimate displacements, and
overestimate forces, in long-duration earthquakes. During their lifetime, seismic isolators are most
likely to undergo large temperature excursions and the properties corresponding to the upper bound
temperature may be considerably different than those corresponding to the lower bound.
Generally, seismic regulations require that bearings be designed for the two extreme conditions
and that the models used for analysis be calibrated using separate laboratory tests at the two
prescribed temperatures. The ASCE/SEI 7-16 [1] proposes the use of lower and upper bounds for
the nominal properties of seismic isolation bearings. Upper bounds lead to lower values of isolator
displacements and larger values of the forces transmitted to the superstructure. On the other hand,
lower bounds yield larger displacements and lower forces. The designer will alternatively use
upper or lower bounds based on whether the safety of the superstructure is being assessed or that
of the isolators. A general procedure for establishing upper and lower bound properties of seismic
isolators through the use of modification factors was presented by McVitty and Constantinou [6].
As described above, the mechanical behavior of HDRBs is quite complex. A single comprehensive
model capable of tackling all aspects of this complex behavior may be unfeasible, too
sophisticated, or in most cases impractical. Based on the particular application, the use of simpler
models dealing with specific aspects of the behavior might be preferable. Several models have
been developed and are currently available in the literature. These can be classified as i) rate
dependent and ii) rate-independent. Cyclic tests at multiple loading frequencies in the range of
interest for seismic applications show negligible differences in terms of force-deformation
response [7], justifying the large number of rate-independent models. On the other hand, creep and
stress-relaxation phenomena exhibited by HDRBs can only be described by rate-dependent
models. For a comprehensive review of the literature on modelling and analysis of HDRBs, we
refer the reader to a recent work by Markou et al. [8]. With a few exceptions [9, 10], most of the
existing models are mathematically based and rarely supported by a clear-cut and rigorous
mechanical formulation enabling their use under general loading. In fact, they are usually restricted
to unidirectional motion, while recent experiments [11, 12] have shown that bidirectional
horizontal ground motions can result in stress states that are more severe than those induced by
unidirectional motions of equal displacement amplitude. A large number of the models available
require multiple calibrations, and separate sets of parameters, to accurately represent the behavior
of the bearings at different strain levels. A model that is calibrated using cyclic tests at any given
strain amplitude will not be reliable throughout the range of amplitudes that the bearing may
experience. Moreover, extension to general loading conditions is in most cases not clear or
extremely cumbersome.

Recently, Markou and Manolis [13] proposed a very simple unidirectional model based on the
combination of a number of well-known physical models and allowing for the cyclic behavior of
HDRB:s to be simulated at low, intermediate and large shear strains. Inspired by such an approach,
a set of new bidirectional models are laid out in the present paper, also obtained by combining
simple bi-dimensional formulations. The implementation of the resulting models is very



straightforward and only one set of parameters is required to characterize the behavior of the
bearings at different strain levels. The models are calibrated using a set of unidirectional harmonic
tests at strain amplitudes varying between 5% and 200%, then validated using bidirectional
displacement-controlled tests available in the literature and applied to simulate the free-vibration
and 2D earthquake response of an actual base isolation system.

2. Models for high damping rubber bearings

In this section, two-dimensional formulations are presented, separately, for i) nonlinear spring, ii)
bounding surface plasticity model and iii) elastic-perfectly plastic model. Combinations of a
number of these models are then proposed, resulting in three separate numerical models for the
characterization of the force-displacement response of HDRBs.

2.1. Nonlinear spring

The finite deformation response of rubber-like materials is generally described using hyperelastic
constitutive equations derived from an isotropic strain energy function. Very popular are, for
example, the Rivlin [14] and Mooney-Rivlin [15] strain energy functions, and those proposed by
Yeoh [16] and Gent [17]. For a detailed review of these and other constitutive models commonly
used for rubbers the reader is referred to the work by Boyce and Arruda [18]. The nonlinear stress-
strain behavior of rubbers used in high damping rubber bearings results in high horizontal stiffness
for low shear strains, very low stiffness for intermediate strains and an increasing stiffness at higher
strains. As described and motivated by Grant et al. [9], to model this kind of behavior we introduce
a nonlinear spring (NLS) with force, Fnis, defined by the following fifth-order odd polynomial
function of displacement, u:

Fos =+, Julf +a; ul* )u )

where ai, a, and as are material parameters, and u=[ux, uy]". A 1D representation of the force-
displacement relationship expressed by Eq. (1) is given in Fig. 1, clearly showing the sharp changes
in stiffness typically observed in the behavior of high damping rubber bearings. Differentiating the
force with respect to the displacement vector, the tangent stiffness matrix, Knis, is obtained:

Koo = (& + & ul] +ag Jul )1+ 2( &, + 23 Jul* Juu” @)

2.2. Bounding surface plasticity model

Bounding surface plasticity (BSP), originally developed by Dafalias and Popov [19], is a widely
used framework for the development of constitutive equations for soils [20] and metals [21]. The
main features of the approach are: i) the definition of a bounding surface in stress (stress resultant)
space, prescribing the boundary between admissible and inadmissible stress states, and ii) mapping
of the current stress state onto a stress state on the bounding surface, called the image stress. By
expressing the post-elastic stiffness as a function of the distance from the current stress to the
image stress allows for a smooth transition from elastic to plastic behavior. In this respect,
bounding surface plasticity models are similar to smooth versions of the classical bilinear model
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Fig. 1. Representative force-displacement behavior of 1D nonlinear spring.

such as the Odzemir [22] and the Bouc-Wen [23, 24] models. Within the realm of bounding surface
plasticity formulations, the one presented here was proposed by Grant et al. [9] to describe the 2D
hysteretic behavior of high damping rubber bearings under cyclic loading. A unidirectional
representation of the BSP hysteretic behavior is shown in Fig. 2a. The following expression is
considered for the radius of the bounding surface:

R=b, +b,||u[’ 3)

where bs and b, are material parameters. As shown in Fig. 2b, the image force, F, is defined by
projecting the unit vector of velocity, n, onto the bounding surface, that is

F=Rn n=— 4)

o

Magnitude, 4, and direction, p, of the vector pointing from the current force point, Fus, to the
image force point, F, on the bounding surface are given by:

T
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The evolution of the force towards the image force is then defined by the following differential
equations:
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Fig. 2. (a) Unidirectional force-displacement behavior of BSP model, (b) bounding surface for
bidirectional loading.

Finally, as shown in Fig. 2b, the current force, Fosp, is determined as

F

bsp

= Rn—é‘u (7)

Discretizing Eqg. (6) in time using Backward-Euler integration gives

L= I:bsp,nJrl - I:bsp,n _ §n (8)
n+l n+l
HFbsp,n+1 - I:bsp,n 1+ b3 ||un+1 —u, ”

where subscripts denote discrete times. As explained in [25], an effective value of d, must be
defined at the start of the time step in order to allow for sudden changes in the direction of loading,
namely

5: = ‘ Rnn - I:bsp,n (9)
Furthermore, from Eq. (5). and Eq. (8)1, the following expression for p can be obtained
|’f -F Sp,n
Moy = > (10)
F- Fbsp,n

which does not depend on the current value of the force, Fusp. The updating scheme used to
compute the force at time tn+1, for given displacement, is presented in Procedure 1. A consistent
tangent stiffness matrix, obtained by differentiating the discretized force with respect to the
displacement vector, is also provided for use in force-controlled problems within an iterative
procedure of the Newton type. Note that to alleviate notation, subscript n+1 denoting that a
quantity is evaluated at time ty+1 is dropped in Procedure 1.



Procedure 1. Element force and tangent stiffness updating scheme for bounding surface
plasticity-based model.
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2.3. 2D Elastoplastic model

In this section, the well-known elastic-perfectly plastic (EPP) 1D model shown in Fig. 3 is
extended to two dimensions. The model is characterized by two parameters: the elastic stiffness,
k, and the yield strength, Fy. Using the generalized material formalism [26, 27], we define the
following form of complementary stored energy

ep

W%F):%%A% (11)

where Fep=[Fepx, Fepy]™ is the force vector, and A=diag(1/k,1/k) is the matrix of elastic
compliances. Moreover, the following complementary dissipation function is used

¢C(Fep):ZE(Fep) (12)

where ye is the indicator function of the elastic region, E={Fep|lIFepll2-F,?<0}, a convex set. The
indicator function [28, 29], xg, is defined as

0 ifxeE

. (13)
oo otherwise

7|
Note that the elastic displacement, ue, and the plastic deformation rate, 1p, are obtained as

u,=0c v (Fy) U, =0r ¢ (Fy) (14)



Fig. 3. 1D Elastic-perfectly plastic hysteretic model.

where 0x denotes the partial derivative with respect to x. For compatibility of deformations we can
then write

U=u,+0, = _(aFepV/ (F. ))+aFep¢° (F,) (15)
When specialized to the complementary stored energy given by Eq. (11), Eqg. (15) becomes
AF,, +0; ¢°(F, )-u=0 (16)

Discretizing Eg. (16) in time using Backward-Euler, gives

Fe N+ _Fe n c (un+ —Un)
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where At is the time increment, and subscripts denote discrete times. Eq. (17) can be rearranged
and written as

AFep,n+l + AtaFep ¢C (Fep,n+1) - bn =0 (18)

where bn=AFepnt(Un+1-Un)=AFepntAu. We recognize that Eq. (18) constitutes the first-order
necessary optimality condition of the following minimization problem

.11
Fopnis =arG [rf;;p n {5 FLAF,, + At (F, )-b)F,, H (19)

Since the dissipation potential, ¢°, is represented by the indicator function of the elastic region, ye
(EQ. (13)), minimization problem (19) may be restated as



-1
Fona =2 {”L‘Jp” {5 FAFy =D, FepH

H 2 2
subjectto [|F,, II" -F,"<0

(20)

By defining an elastic force increment, Fyia=FepntkAu, and recalling that A=diag(1/k,1/k), we
may write

. |1 .1 1
Fopnn =arg {rrgm {E FLAF, —biF, H =arg {rann {E FLAF, —biF, + o Foia Firat H (21)

ep ep

where a constant term has merely been added to the objective function. Noting that bn=1/kFial,

Eqg. (21) may then be rearranged to give
. 1 2
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Finally, multiplying the objective function by a constant, k, we obtain the equivalent minimization
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A geometric interpretation of the minimization problem (23) is presented in Fig. 4.
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Fig. 4. Geometric interpretation of minimization problem (20) and conceptual representation of
predictor-corrector algorithm (Procedure 2) for 2D elastic-perfect plastic model.



To compute a solution, we first introduce a multiplier, 4, and form the Lagrangian

F

ep? ep trlal

L(F,.2)= ;

+A(IIF, IP -F,) (24)

We then write the Karush-Kuhn-Tucker first order optimality conditions [30, 31], given by

oL
fz(Fep tr|a|)+2j’|: =0
ep
IR, IIF -F,?<0 (25)
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Finally, we propose a predictor-corrector scheme satisfying (25) that, given the displacement
increment at time t,+1, computes the element force and tangent stiffness matrix. The proposed
updating scheme is presented in Procedure 2. For further details of elastic predictor-plastic
corrector (return mapping) algorithms commonly used in computational plasticity, the reader is
referred to Simo and Hughes [32].

Procedure 2. Element force and tangent stiffness updating scheme for 2D elastoplastic model.
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2.4. Combination of models

The relatively simple two-dimensional models presented in the previous subsections are now
combined to obtain accurate and reliable models describing the bidirectional shear behavior of
high damping rubber isolators. The three models suggested are given in Table 1. We recall that the
nonlinear spring (NLS) is characterized by three parameters (a1, a2, as), the bounding surface
plasticity element (BSP) also by three parameters (b1, b2, b3), and the elastic-perfectly plastic
element (EPP) by two (k, Fy). Note that by EPP smooth element we intend a BSP element with
parameter b,=0. Moreover, the number of parameters for Model A is indicated as 11, and not 12,
because following calibration the b, parameter for one of the BSP models was found equal to zero.
A larger number of parameters is required by models B and C, compared to A, to achieve a
comparable accuracy. This is because EPP models are much simpler than the BSP model and more
of them, namely five, are needed to characterize the behavior of the bearings at all levels of
deformation. The calibration procedure and validation of the models proposed are illustrated in the
following sections 3 and 4.

Table 1. Models for bidirectional shear behavior of high damping rubber bearings.

components number of parameters
Model A 1 NLS + 3 BSP elements 11
Model B 1 NLS + 1 BSP element + 5EPP elements 16
Model C 1 NLS + 1 BSP element + 5EPP smooth elements 16

3. Model calibration

The models were calibrated using unidirectional displacement controlled harmonic tests carried
out at the University of Basilicata on a HDRB of the kind manufactured for the retrofit of two
reinforced concrete buildings in the town of Solarino, Sicily [33]. The isolator has the following
characteristics: total height 169 mm, diameter 500 mm, rubber height 8x12 mm = 96 mm, steel
height 3x11 mm=33 mm, end plates 2x20 mm = 40 mm. A picture of the bearing as mounted in
the testing machine is given in Fig. 5. The tests were run at several strain amplitudes, y, varying
between 5% and 200%, at a frequency of 0.5 Hz and constant vertical pressure of 6 MPa. The
parameters for each one of the three models proposed were identified using the Covariance Matrix
Adaptation — Evolution Strategy (CMA-ES), an evolutionary algorithm developed by Hansen [34]
and already used in identification studies of base isolation systems by Athanasiou et al. [35, 36].
The algorithm minimizes the difference between measured and computed forces, respectively Fn
and F¢, calculated as

e="— 2 (26)

The identified parameters and fitting error for each model are presented in Table 2. We note that
the three models exhibit comparable fitting errors and very good agreement with the experiments
at all strain levels considered. A comparison between experimental and fitted force-displacement
curves using Model A is shown in Fig. 6.
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Fig. 6. Experimental and fitted force-displacement curves using Model A.
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Table 2. Model parameters for Solarino HDRBs calibrated using unidirectional displacement

controlled harmonic tests.

Model A (e=2.31%)

Nonlinear spring

& 685.3810 kN/m
a -8699.0437 kN/m?®
as 217257.8296  kN/m°
3 BSP elements
b:® 3.5628 kN
b, 0 kN/m?
bs® 302.5733 m*!
b:® 3.0669 kN
b,® 150.1665 kN/m?
bs® 17179.2427 m*
b:® 12.2852 kN
b,® 1090.6767 kN/m?
bs® 32.6398 m*
Model B (e=2.39%) Model C (e=2.42%)
Nonlinear spring Nonlinear spring
a 685.3810 kN/m a 685.3810 kN/m
a -8699.0437  kN/m® a -8699.0437  kN/m?®
as 217257.8296  kN/m°® a 217257.8296  kN/m®
1 BSP element 1 BSP element
by 3.3575 kN by 6.3105 kN
b, 1220.7453  kN/m? b, 1165.4189  kN/m?
bs 43.7695 m* bs 37.0644 m*
5 EPP elements 5 EPP smooth elem.
k® 3769.3312  kN/m b,® 1.5283 kN
F,® 1.7298 kN bs® 32615.5177 m*
k® 59477.7737  kN/m b,®@ 5.5175 kN
F,® 2.4744 kN bs® 27.1499 m*
k® 516.9582 kN/m b,® 0.3403 kN
F© 1.8433 kN bs® 1724865.9792  m™
k@ 115.4633 kN/m b, 3.5536 kN
F@ 4.8602 kN b3 237.0763 m*
& 206.6036 kN/m b,® 1.6588 kN
F,© 3.3575 kN bs® 3633.7940 m*




4. Model validation

Ideally, one would validate the calibrated models with unidirectional and bidirectional
experimental data not considered in the calibration. Unfortunately, no bidirectional test has yet
been carried out on the Solarino bearings. Therefore, the potential ability of the suggested models
to characterize the bidirectional shear behavior of high damping rubber bearings is examined by
comparing qualitatively with experimental data available in the literature [9, 11]. The calibrated
models are then also used to simulate a set of unidirectional free vibration tests performed on the
full-scale Solarino building [37].

4.1. Bidirectional tests presented by Grant et al. (2004)

In their paper [9], Grant et al. describe the results from bidirectional tests of high damping rubber
bearings under imposed displacement orbits. The tests were carried out as part of the Caltrans
Protective Systems Project at the University of California, Berkeley [38-40]. The four orbits shown
in Fig. 7 were selected to investigate the bidirectional force-deformation behavior of the bearings.

ORBIT 1: Cruciform - ORBIT 2: Box
A <
< > >»—>
A
\] / >
ORBIT 3: Hourglass ORBIT 4: Figure eight

Fig. 7. Orbits imposed in bidirectional displacement-controlled tests of high damping rubber
bearings (Grant et al., 2004).

The tests were carried out at varying maximum strain levels and a slow rate of approximately 0.01
Hz. As follows, models A, B, and C, described and calibrated in sections 2 and 3, are used to
analyze the bidirectional behavior of the Solarino high damping rubber bearings under selected
displacement-controlled orbit tests from moderate (100%) to high (250%) maximum shear strain
level. The objective of the simulations is twofold, first to assess whether the three different models
lead to approximately the same results, and second, to qualitatively compare these results to the
behavior exhibited in the experiments. Simulation of the cruciform tests, Fig. 8, shows the
unidirectional response of the bearing in two orthogonal directions and basically no interaction



between them. On the other hand, the other orbit test simulations, Figs. 9-11, illustrate the behavior
of the bearing when subjected to loading in two orthogonal directions simultaneously. In these
cases, coupling between components of motion is clear. The numerical simulations, as well as the
experiments, show that increasing the displacement in one direction while keeping the
displacement in the orthogonal direction fixed (orbits 2 and 3) affects the shear force in both
directions. We note that the stiffness degradation effect exhibited by the bearings in the
experiments, known as Mullins’ effect or scragging [4, 5], is not accounted for by the models.
Besides that, the results of the simulations compare favorably, in a qualitative sense, with those of
the experiments. Negligible differences can be seen in the results obtained with the three models
A, Band C.
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Fig. 8. Numerical results for cruciform orbit 1: yx = yy = 250% (solid lines) and yx = yy = 100%
(dashed lines).
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Fig. 9. Numerical results for box orbit 2: yx = yy = 250% (solid lines) and yx = yy = 100%
(dashed lines).
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Fig. 10. Numerical results for hourglass orbit 3: yx =y, = 200% (solid lines) and yx = yy = 100%
(dashed lines).
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Fig. 11. Numerical results for figure eight orbit 4: yx = yy = 200% (solid lines) and yx = yy =
100% (dashed lines).

4.2. Bidirectional tests by Abe et al. (2004)

Abe et al. [11] also presented results from two-directional tests of high damping rubber bearings
under imposed horizontal displacement paths and constant vertical pressure. In particular, they
considered the circular and figure eight shaped orbits shown in Fig. 12. The components of motion
are given by the following harmonics:

U, =U,cosat (circleshaped orbits) 27)
U, =U,sinat
U, =U,sinwt (figure eight shaped orbits)

: (28)
U, =U,sin2at

where Uo=displacement amplitude; w=frequency.
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Fig. 12. Bidirectional horizontal displacement paths imposed in displacement-controlled tests on
isolation bearings (Abe et al., 2004).

By comparing the response of the bearings to unidirectional (U=Uosinwt) and bidirectional
loadings, the authors highlight the coupling effects between horizontal force responses under two-
dimensional excitation. Numerical simulation of these tests using Model A presented in this paper
provides the results shown in Fig. 13 and Fig. 14. The coupling effects seen in the experiments are
also visible in the simulations. In the case of circular shaped orbits, the hysteresis loops become
rounder than those corresponding to unidirectional excitation. Moreover, in figure eight
displacement paths, the shape of the loops at maximum strain is considerably changed. In general,



due to interaction between components of motion, the hysteresis loops under bidirectional
horizontal excitation cover those under unidirectional loading. Similar trends can be seen in
experiments by Yamamoto et al. [12] where high damping rubber bearings were subjected to a
combination of elliptical and figure eight shaped orbits.
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Fig. 13. Numerical results for circle shaped displacement path and comparison with
unidirectional harmonic loading.
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Fig. 14. Numerical results for figure eight shaped displacement path and comparison with
unidirectional harmonic loading.

4.3. Free vibration tests on the Solarino building

In July 2004, a set of full-scale free vibration tests were carried out in the town of Solarino, Eastern
Sicily, on a newly retrofitted reinforced concrete building. The building, retrofitted using a hybrid
base isolation system composed of 12 high damping rubber bearings and 13 low friction sliding
bearings, was pushed up to a certain displacement and then released. For details of the retrofitted
building, the push-and-release tests, test set-up and instrumentation, the reader is referred to [37].
In this section, the free vibration tests are simulated using model A for the rubber bearings and an
elastic-perfectly plastic element for the sliding isolators. For simplicity, the superstructure is taken
as rigid and, given that the isolation system is almost perfectly symmetric, the isolators may be
considered as superimposed. Both these hypotheses have been shown to be accurate in the quest
of determining the response of the Solarino building base isolation system [41]. The parameters
used to characterize the isolation system are given in Table 3. In addition to the 11 parameters
describing the behavior of the rubber bearings, the mass, m, of the building, and the friction force,
Fe, in the sliding bearings also need to be assigned. Two sets of parameters are considered. The
first set, S1, was calibrated with the displacement history measured at the isolation level in free
vibration Test 3. In the second set, S2, the 11 parameters characterizing the rubber bearings are
those obtained in section 3 by fitting the hysteresis loops of the cyclic tests, the mass of the building
is kept as in S1, and only the friction force in the sliding bearings was calibrated using the free



vibration response. In both cases, the CMA-ES identification algorithm was used to determine the
parameters. The displacement history of the Solarino base isolation system measured during free
vibration Test 3 (used for calibration) and fitted using parameter set S1 is shown in Fig. 15.
Measured and simulated displacement histories in the other free vibration tests are compared in
Fig. 16. Note that displacement histories at locations near the four corners of the isolation system
were measured during the tests and plotted in Fig. 16.

Table 3. Parameter sets used for Model A in free vibration response simulations.

units S1 S2
Nonlinear spring

a kN/m 235.1954 685.3810

a kN/m® 0 -8699.0437

as KN/m® 0 217257.8296

3 BSP elements

b:® kN 4.9353 3.5628
b,® kN/m? 0 0

bs® m? 74.9971 302.5733
b:® kN 0.0281 3.0669
b,® kN/m? 279.7979 150.1665
bs® m* 28595.8308 17179.2427
by® kN 60.3401 12.2852
b, kN/m? 886.1791 1090.6767
bs® m* 7.9131 32.6398
mass kN s?/m 1183.2392 1183.2392

Fc kN 2.4370 0
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Fig. 15. Experimental (Test 3) and fitted free vibration response using Model A and parameter

set S1 in Table 3.



As shown in Fig. 17, a much stiffer response is obtained when using parameter set S2, calibrated
with the laboratory cyclic tests. Discrepancies between laboratory and field calibrations may be
explained by a number of physical reasons, the most important being temperature, aging and
loading history [42-44]. The field tests were carried out in July 2004, when the temperature at the
site varied presumably between a minimum of 20°C to a maximum of 34°C. On the other hand,
the laboratory tests were performed at the University of Basilicata, in December 2014, with
temperature well below 20°C. While the laboratory tests were performed under dynamic
conditions at a constant frequency of 0.5 Hz, the free vibration field tests involved a long phase of
quasi-static loading up to the target displacement. During this phase, creep effects may have
softened the elastomer, most likely affecting the following dynamic phase of free vibration.
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Fig. 16. Numerical simulation of free vibration tests on Solarino building using Model A and
parameter set S1 in Table 3.

5. Earthquake simulations

In this section, the performance of the HDRB models described in the previous sections is
illustrated via bidirectional earthquake simulations of the Solarino buildings. Two Italian
acceleration records are considered for the simulations, one from the Irpinia 1980 earthquake and
another from the L’Aquila 2009 event. The ground motions are scaled so that the 5% damped
spectral acceleration of the EW component, at the fundamental period of the base-isolated building
(T=2.35 ), is equal to that of the design spectrum provided by the seismic regulations at the time
of the retrofit [45]. Characteristics of the records and the scaling factors are provided in Table 4.
The response spectra of the scaled ground motions are given in Fig. 18.

As before, the superstructure is considered rigid and the isolators superimposed. The equations of
motion of the system can then be written as:
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ngy

(29)

where m is the mass of the building, Fr is the restoring force in each of the 12 rubber bearings of
the isolation system, Fs that of the 13 sliding isolators, Ugx and Ugy the two orthogonal components

of ground motion, EW and NS respectively.

Table 4. Characteristics and scaling factors of earthquakes selected for analysis (R is the
minimum distance from the fault).

Earthquake Station R [km] IPGAIl[g] Scaling factor
L'Aquila 2009 AQK 4.8 0.388 0.78
Irpinia 1980 STR 4 0.330 0.31
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Fig. 18. Response spectra of bidirectional ground motions considered: (a) EW components; (b)
NS components.

The equations of motion (29) are discretized in time using Newmark’s average acceleration
method [46] and solved by Newton’s method. Model A, calibrated with the laboratory tests
(parameter set S2 in Table 3), is used for the restoring force in the HDRBs and a 2D elastic-
perfectly plastic model is used for the sliding bearings. A friction force, Fc=3.1962 kN, is assumed



based on an estimated mass of the finished building, m=1567 kN s2/m, and a coefficient of friction,
1=0.52%. The latter was determined from identification of the free vibration tests performed on
the Solarino building (using mass, m=1183.2392 kN s*/m, and friction force, Fc=2.4370 kN, from
parameter set S1). The response of the isolation system to the bidirectional earthquake records is
shown in Figs. 19 and 20.
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Fig. 19. Response of Solarino base isolation system to bidirectional AQK earthquake record
(total force in the 12 HDRBs represented).
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The maximum displacement of the bearings is 17.60 cm under the AQK earthquake and 9.29 cm
under the STR earthquake. These are both smaller than the maximum permissible displacement of
20 cm specified by the manufacturer. However, we emphasize that the purpose of the simulations
IS not to assess the performance of the Solarino base isolation system but to illustrate the ability of
the proposed models to compute the response of HDRBs under bidirectional earthquake excitation.

6. Conclusions

A set of bidirectional models have been suggested for the analysis of the shear behavior of high
damping rubber bearings to general bidirectional loading. These were obtained by combining a
number of relatively simple bi-dimensional models and calibrated using a set of unidirectional
harmonic tests at strain amplitudes varying between 5% and 200%. The models have been
qualitatively validated over a series of bidirectional test data available in the literature and used in
free vibration and bidirectional earthquake simulations of a base-isolated building.
Implementation of the proposed models is straightforward and a unique set of parameters is
required to characterize the response of the bearings at low, intermediate and high shear
deformation. Future computational and experimental work involves consideration of vertical
loading effects on the bearings and bidirectional testing of bearings for model calibration and
validation.

Acknowledgements

The authors gratefully acknowledge financial support by ReLUIS (Italian National Network of
University Earthquake Engineering Laboratories), ‘Project D.P.C - ReLUIS 2014-2018’. The
authors also wish to thank Professor Ponzo and his staff for allowing to carry out the tests used in
this study at the Materials and Structures Test Laboratory (SISLAB) at the University of Basilicata.
The second author acknowledges financial support by the Horizon 2020 MSCA-RISE-2015
project No. 691213 entitled “EXperimental Computational Hybrid Assessment of Natural Gas
pipelines Exposed to Seismic Risk” (EXCHANGE-Risk), Assoc. Prof. A. Sextos, Principal
Investigator.

References

1. ASCE/SEI 7-16. Minimum Design Loads for Buildings and Other Structures. American Society
of Civil Engineers (ASCE), New York, 2016.

2. Architectural Institute of Japan (AlJ). Design Recommendations for Seismically Isolated
Buildings. Committee for Seismically Isolated Structures, Japan, 2016.

3. Kelly JM, Konstantinidis DA. Mechanics of Rubber Bearings for Seismic and Vibration
Isolation, John Wiley and Sons: Chistester, West Sussex; 2011.

4. Clark PW, Aiken ID, Kelly JM. Experimental studies of the ultimate behavior of seismically
isolated structures. Report No. UCB/EERC-97/18, Earthquake Engineering Research Center,
University of California, Berkeley, California, 1997.

5. Mullins L. Softening of rubber by deformation. Rubber Chemistry and Technology 1969;
42(1):339-362.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

. McVitty WJ, Constantinou MC. Property modification factors for Seismic Isolators: Design

Guideline for Buildings. Technical Report MCEER-15-0005, State University of New York at
Buffalo, 2015.

. Naeim F, Kelly JM. Design of seismic isolated structures: from theory to practice. John Wiley

& Sons, New York, 1999.

. Markou AA, Oliveto ND, Athanasiou A. Modelling of High Damping Rubber Bearings. In:

Sextos A, Manolis G (eds), Dynamic Response of Infrastructures to Environmentally Induced
Loads. Lecture Notes in Civil Engineering, vol 2. Springer, Cham, 2017.

. Grant DN, Fenves GL, Whittaker AS. Bidirectional modelling of high-damping rubber

bearings. Journal of Earthquake Engineering 2004; 8(S1):161-185.

Kumar M, Whittaker AS, Constantinou MC. An advanced numerical model of elastomeric
seismic isolation bearings. Earthquake Engineering and Structural Dynamics 2014,
43(13):1955-1974.

Abe M, Yoshida J, Fujino Y. Multiaxial behaviors of laminated rubber bearings and their
modeling. I: experimental study. Journal of Structural Engineering 2004; 130:1119-1132.
Yamamoto M, Minewaki S, Yoneda H, Higashino M. Nonlinear behavior of high-damping
rubber bearings under horizontal bidirectional loading: full-scale tests and analytical modeling.
Earthquake Engineering and Structural Dynamics 2012; 41:1845-1860.

Markou AA, Manolis GD. Mechanical models for shear behavior in high damping rubber
bearings. Soil Dynamics and Earthquake Engineering 2016; 90:221-226.

Rivlin RS. Large elastic deformations of isotropic materials. I1V. Further developments of the
general theory. Philosophical Transactions of the Royal Society A 1948; 241(835):379-397.
Mooney MJ. A theory of large elastic deformation. Journal of Applied Physics 1940; 11(9):582-
592.

Yeoh OH. Some forms of the strain energy function for rubber. Rubber Chemistry and
Technology 1993; 66(5):754-771.

Gent AN. A new constitutive relation for rubber. Rubber Chemistry and Technology 1996;
69(1):59-61.

Boyce MC, Arruda EM. Constitutive models of rubber elasticity: a review. Rubber Chemistry
and Technology 2000; 73(3):504-523.

Dafalias YF, Popov EP. A model of nonlinearly hardening materials for complex loading. Acta
Mechanica 1975; 21(3):173-192.

Dafalias YF, Hermann LR. Bounding surface formulation of soil plasticity. Soil Mechanics —
Transient and Cyclic Loads, Pande GN and Zienkiewicz OC editors, chapter 10. Wiley: New
York, 1982.

Krieg RD. A practical two surface plasticity theory. Journal of Applied Mechanics 1975;
42:641-646.

Ozdemir H. Nonlinear transient dynamic analysis of yielding structures. PhD dissertation.
University of California, Berkeley, CA, 1976.

Bouc R. Forced vibration of mechanical systems with hysteresis. Proceedings of the 4%
Conference on Nonlinear Oscillation, Prague, Czechoslovakia, 1967.

Wen YK. Method for random vibration of hysteretic systems. Journal of Engineering
Mechanics ASCE 1976; 102:249-263.

Grant DN. Bidirectional modelling of high-damping rubber bearings. PhD dissertation. Rose
School, Pavia, Italy, 2004.



26.
27,
28.
29.
30.
31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Halphen B, Nguyen Quoc S. Sur les materiaux standard generalises. Journal de Mecanique
1975; 14(1):39.

Mielke A. A mathematical framework for generalized standard materials in the rate-
independent case. Multifield Problems in Solid and Fluid Mechanics. Springer: Berlin, 2006;
399-428.

Rockafellar RT. Convex Analysis. Princeton University Press: Princeton, NJ, 1970.
Hiriart-Urruty JB, Lemarechal C. Convex Analysis and Minimization Algorithms. Grundlehren
der Mathematischen Wissenschaften, Springer: Berlin, New York, 1993; 305-306.

Boyd SP, Vandenberghe L. Convex optimization. Cambridge University Press: Cambridge,
New York, 2004.

Nocedal J, Wright SJ. Numerical Optimization (2nd edition). Springer: New York, 2006.
Simo JC, Hughes TJR. Computational Inelasticity. Springer: New York, 1998.

Markou AA, Oliveto G, Mossucca A, Ponzo FC. Laboratory experimental tests on Elastomeric
Bearings from the Solarino project. Task 1.1. report, WP1 Isolamento Sismico: Rapporto
tecnico prove sperimentali progetto JETBIS e prove/analisi su isolatori elastomerici. DPC-
ReLUIS project, 2014; 159-192.

Hansen N, Ostermeier A. Completely derandomized self-adaptation in evolution strategies.
Evolutionary computation 2001; 9(2):159-195.

Athanasiou A, De Felice M, Oliveto G, Oliveto PS. Evolutionary Algorithms for the
Identification of Structural Systems in Earthquake Engineering. Proceedings of International
Conference on Evolutionary Computation Theory and Applications (ECTA 11). France, 2011.
Athanasiou A, De Felice M, Oliveto G, Oliveto PS. Dynamical modeling and parameter
identification of seismic isolation systems by evolution strategies. Studies in computational
Intelligence (vol. 465:101-118). Springer: Berlin, Heidelberg, 2013.

Oliveto G, Granata M, Buda G, Sciacca P. Preliminary results from full-scale free vibration
tests on a four-story reinforced concrete building after seismic rehabilitation by base isolation.
JSSI 10th anniversary symposium on performance of response controlled buildings, Yokohama,
Japan, 2004.

Thompson ACT. High damping rubber seismic isolation bearings - behavior and design
implications. CE299 report, University of California, Berkeley, 1998.

Morgan TA. Characterization and seismic performance of high-damping rubber isolation
bearings. CE299 report, University of California, Berkeley, 2000.

Huang WH. Bi-directional testing, modeling, and system response of seismically isolated
bridges. PhD thesis, University of California, Berkeley, 2002.

Oliveto ND, Scalia G, Oliveto G. Time domain identification of hybrid base isolation systems
using free vibration tests. Earthquake Engineering and Structural Dynamics 2010; 39(9):1015-
38.

Kulak RF, Hughes TH. Frequency and temperature dependence of high damping elastomers.
ANL/RE/CP 78944, Argonne National Laboratory, Argonne, IL, USA, 1993.

Kulak RF, Hughes TH. Identification of factors that influence the stiffness of high damping
elastomer seismic isolation bearings. ANL/RE/CP 82468, Argonne National Laboratory,
Argonne, IL, USA, 1994,

Bridgestone Corporation. High-Damping Rubber Bearings for Base Isolation. Technical
Report, Product Code: HDR-X0.6R. Seismic Isolation & Vibration Control Product
Development, 2010.



45. Presidenza del Consiglio Superiore dei Lavori Pubblici — Servizio Tecnico Centrale. Linee
Guida per Progettazione, Esecuzione e Collaudo di Strutture Isolate dal Sisma, 1998.

46. Chopra AK. Dynamics of structures: theory and applications to earthquake engineering.
Prentice Hall: New Jersey; 2012.



