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Abstract

Un-bonded fiber reinforced elastomeric isolator (U-FREI)
is an improved device for mitigation of the seismic response
of low-rise buildings. It is installed directly between sub-
structure and superstructure without any connection at the
interfaces. The horizontal load-displacement behaviour of
an U-FREI subjected to the simultaneous action of vertical
load and cyclic horizontal displacement is nonlinear due to
rollover deformation and the horizontal stiffness of the
isolator is a function of both vertical load and horizontal
displacement. Most existing studies concerning the influence
of vertical load on horizontal behaviour of isolators are
carried out for scaled models of conventional bonded isola-
tors. In this paper, horizontal behaviour of a prototype U-
FREI is investigated under the action of varying vertical
loads and cyclic horizontal displacements by finite element
(FE) analysis and then the influence of vertical load on the
performance of the isolator is evaluated. FE analysis results
indicate that the effective horizontal stiffness of the U-FREI
decreases with the increase in vertical load at a given
amplitude of horizontal displacement.

INTRODUCTION

Base isolation is an efficient and viable method to reduce
the vulnerability of a structure in high seismic risk zones.
Transmission of earthquake energy to the structures can be
reduced by increasing the fundamental eigenperiod of struc-
tures for horizontal motion. In general, base isolators are
installed in between the substructure and superstructure to
achieve a desired horizontal eigenperiod of the structure.

The idea of base isolation technology for seismic protec-
tion of buildings was conceptualized during the early part
of twentieth century; however it has been used as one of the
most effective anti-seismic equipment only during the last
four decades. The main goal of the base isolation is decou-
pling the superstructure from the substructure resting on
shaking ground and protecting the substructure as the vul-
nerable component of a bridge or a building. Increasing the
fundamental period of the structure is the most important
mechanism of the seismic isolation system in buildings or
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Kljuéne reci

* izolacija temelja

+ elastomerni izolator oja¢an nevezanim vlaknima
« deformacija valjanjem

+ vertikalno opterecenje

* horizontalno ponaSanje

lzvod

Elastomerni izolator ojacan nevezanim vlaknima (U-
FREI) predstavlja unapreden sistem za ublaZavanje seiz-
mickog odziva kod nizih zgrada. Instalira se direktno izmedu
podstrukture i superstrukture bez elemenata veze. Ponasa-
nje opterecenja-pomeranja u horizontalnom pravcu kod U-
FREI koji je pod istovremenim dejstvom vertikalnog optere-
Cenja i ciklicnog horizontalnog pomeranja, je nelinearno
usled deformacija valjanja, a horizontalna krutost izolatora
Jje funkcija vertikalnog optereéenja i horizontalnog pomera-
nja. Vecéina istrazivanja koja se bave uticajem vertikalnog
opterecenja na horizontalno ponasanje izolatora se izvode
na modelima u razmeri sa konvencionalnim izolatorima sa
vezanim vlaknima. U radu je istrazeno horizontalno pona-
Sanje prototipa U-FREI pod dejstvom promenljivih vertikal-
nih opterecenja i ciklicnih horizontalnih pomeranja prime-
nom analize konacnim elementima (FE), a zatim i uticaj
vertikalnog optereéenja na performanse izolatora. Rezultati
analize FE pokazuju da se efektivna horizontalna krutost
U-FREI smanjuje sa povecanjem vertikalnog opterecenja
zadate amplitude horizontalnog pomeranja.

bridges that minimizes the internal state of stress, which
depends on the characteristics of the dynamic behaviour of
the system. Vasiliadis /1/ studied the effect of isolation
system period on the seismic response of low-rise retrofit-
ted reinforced concrete building in Greece. The eigenvalue
modal analyses of quasi-isolated highway bridges with seat-
type abutments were performed to reveal modal response
characteristics of the bridges, /2/. Kumar and Petwal /3/
presented the reduction of acceleration response of base-
isolated three-storey building with lead plug bearings con-
structed at Indian Institute of Technology Guwahati, India,
as compared to that of fixed-base building.

The above-mentioned studies were carried out on base-
isolated structures with steel-reinforced elastomeric isolator
(SREI). Conventionally, a SREI consists of elastomer/rubber
layers interleaved with steel shims as reinforcement and two
steel end plates at top and bottom. In general, SREIs are
heavy and relatively expensive. Thus, they are often applied
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for large, important buildings like hospitals and emergency
centres in developed countries but not so widely used for
ordinary low-rise buildings. Fiber reinforced elastomeric isola-
tor (FREI) can possibly be an alternative to SREI in an effort
to reduce the weight, cost, and for enabling easy installation.

In view of the above, Kelly /4/ proposed a new light-
weight isolator by replacing the steel shims with fiber-rein-
forced polymer materials. Fiber layers can be produced from
carbon or glass. Fiber allows a simpler, less labour-inten-
sive manufacturing process, which would reduce fabrica-
tion cost. Therefore, FREIs are likely to provide low cost
solutions for seismic isolation of low-rise buildings. Studies
on un-bonded fiber reinforced elastomeric isolator (U-FREI)
are a significant step towards understanding their response,
which will enable their efficient design as seismic isolators
in buildings. Generally, U-FREIs have elastomer layers at
their bottom and top surfaces, which develop frictional
contact with the substructure and superstructure respec-
tively without any special connection for this purpose. This
not only makes U-FREIs lighter and less expensive, since
steel end plates are not needed for their construction, but
also makes their installation process easier. As a result, the
implementation of U-FREIs for seismic response control of
low-rise lifeline buildings in developing countries is more
affordable, compared to SREIs.

Recently, a number of studies have been conducted for
obtaining the mechanical characteristics of FREIs, leading
to better understanding of their behaviour /5-14/. In most of
the previous studies, the horizontal behaviour of FREIs was
carried out under a constant vertical load (or a constant verti-
cal pressure) and cyclic horizontal displacement. However,
for a base isolation system, an isolator may be subjected to
varying values of vertical load and these values may be
different from the initial design value. For example, the verti-
cal load on an isolator in a bridge structure is dependent on
traffic volume. When the traffic congestion occurs, the bridge
decks are subjected to higher loads and thus the value of
vertical load on the isolator also becomes higher than the
value of the design vertical load. On the contrary, when the
traffic volume is sparse, this value of vertical load on the
isolator will be lower. Another example is that, for a base
isolated building, the vertical loads on isolators correspond
to factored column loads and these values may be different
for different columns of the building. Thus, it is necessary
to study the influence of vertical load on the horizontal
behaviour of an isolator.

There are few studies in the literature concerning the
effect of vertical load on the horizontal behaviour of isola-
tors. Studies were carried out to analyse the stability of
elastomeric isolators and model their behaviour; then the
effect of vertical load on the horizontal stiffness of isolators
was evaluated, /15-17/. As can be seen, most existing studies
concerning the influence of vertical load on performance of
isolators were carried out for conventional bonded SRElIs.
However, the horizontal behaviour of U-FREI is relatively
different in comparison with that of conventional bonded
isolator. When an isolator is horizontally displaced, the upper
and lower faces of conventional isolator remain fully in
contact with the support surfaces, while the upper and lower
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faces of U-FREI roll off the contact surfaces. The reduction
of horizontal stiffness of U-FREI with increasing horizontal
displacement is dependent on the contact area of the isola-
tor with support surfaces or rollover deformation. Further-
more, there are few studies concerning the effect of vertical
load on the horizontal behaviour of an U-FREI, e.g. De Raaf
et al. /18/ presented experimentally the horizontal response
of a scaled model of U-FREI under the variation of vertical
loads and cyclic horizontal displacements to predict the
stability of the isolator. Thus, the influence of vertical load
on the horizontal behaviour of a prototype U-FREI should
be further studied.

From the review of the literature, it has been observed
that most of the experimental and numerical studies were
carried out on scaled models of FREIs with relatively low
shape factors (less than 10). The shape factor (S) is defined
as the ratio of the loaded area to load-free area of an elasto-
mer layer /19/. There is little information for isolators with
shape factors typical for seismic isolation in the range 10 to
20. Thus, the horizontal behaviour of a prototype U-FREI
under the variation of vertical load and cyclic horizontal
displacement is required to evaluate the influence of verti-
cal load on its behaviour.

This study investigates the horizontal behaviour of a
prototype U-FREIs under the action of varying vertical loads
and cyclic horizontal displacements by finite element (FE)
analysis. A prototype U-FREI with size of 250x250x100
mm and shape factor of 12.5 is investigated to determine
the influence of the vertical load on its mechanical properties
including effective horizontal stiffness and equivalent
viscous damping factor.

DETAILS OF PROTOTYPE U-FREI

The prototype U-FREIs considered in this study are
designed for seismic isolation of a two-storey masonry build-
ing under-construction at Tawang, India /11, 20/. These
isolators are manufactured by vulcanizing elastomer layers
and bi-directional (0°/90°) carbon fiber fabric with the
support of METCO Pvt. Ltd., Kolkata, India. Figure 1 shows
the view of a typical isolator with component layers and
specimens of the U-FREI. The isolator comprises of eight-
een elastomer layers interleaved and bonded with seventeen
layers of carbon fiber reinforcement sheets. The thickness
of each elastomer layer is t. = 5 mm, while that of each
fiber layer is t; = 0.55 mm. The total height of elastomer is
tr= 90 mm and the total height of the isolator is h=
100 mm. The plan dimensions of the isolator are 250x250
mm. Shape factor of the isolator is S = 12.5 which is sub-
stantially higher than that of model U-FREIs used in most
of the previous investigations. The shear modulus, G, of the
elastomer is 0.90 MPa and the elastic modulus of carbon
fiber laminate, E, is 40 GPa.
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layers in the prototype U-FREI; b) specimens.
FE MODELLING

U-FREI exhibits high geometrical nonlinearity under the
action of large imposed horizontal displacement and horizon-
tal stiffness thus varies nonlinearly with isolator horizontal
deformation. No closed form acceptable analytical solutions
are available for estimating the horizontal stiffness of this
type of complex un-bonded FREI. In this paper, U-FREI is
numerically simulated using ANSYS v.14.0 /21/, a general
purpose finite-element software. The isolator is subjected to
a variation of the vertical load and cyclic horizontal displace-
ment to evaluate the influence of vertical load on the perfor-
mance of the isolator in an un-bonded application. FE anal-
ysis can address many issues which are rather difficult to be
taken into account in closed-form solutions. Furthermore,
FE analysis can easily evaluate the response of the prototype
isolator under high vertical load and large horizontal dis-
placement, which is very difficult experimentally due to
capacity limitations of the experimental facility.

FE modelling of U-FREI is a challenging task as it
involves large strain, incompressibility of the material and
nonlinear solution convergence. Incompressible material
behaviour may lead to some difficulties in numerical simu-
lation, such as volumetric locking, inaccuracy of solution,
checkerboard pattern of stress distributions, or occasionally,
divergence. A three-term Ogden model is considered to
represent the behaviour of elastomer as hyper-elastic mate-
rial. The type of finite element used for the discretization of
the elastomer is selected so that it simulates material behav-
iour with high incompressibility. Lagrange multiplier-based
mixed u-P elements are used to simulate the deformation of
fully incompressible hyper-elastic materials. Lagrange multi-
pliers extend the internal virtual work so that the volume
constraint is included explicitly. The FE analyses have been
carried out for multiple cases and no serious convergence
issues are encountered.

Element type for FE model

The elastomer exhibits nonlinear behaviour under large
displacement. It is modelled using SOLID185, which is an
eight-node structural solid element having three degrees of
freedom at each node: translations in the nodal x, y, and z
directions. This element has the capabilities to model plas-
ticity, hyper-elasticity, stress stiffening, creep, large deflec-
tion and large strain behaviour of material. It also has
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Lagrange multiplier-based mixed u-P formulation capability
for simulating deformations of nearly incompressible elasto
-plastic materials, and fully incompressible hyper-elastic
materials. The fiber reinforcement layers are modelled using
SOLID46, which is a 3-D eight-node layered structural solid
designed to model layered thick shells or solid. Fiber-rein-
forcements are provided in the form of bi-directional (0°/
90°) layers alternated and bonded between elastomer layers.
Arrangement of fiber layers (0°/90°) used as reinforcement
in isolators is shown in Fig. 2. This element allows up to
250 different material layers. Two rigid horizontal plates are
considered at the top and bottom of the isolator to represent
the superstructure and substructure. These plates are also
modelled using SOLID185.

In order to study U-FREI, the surface-to-surface contact
elements are used. Contact elements CONTA173 are used
to define the uppermost and undermost elastomer surfaces
and target elements TARGEL170 are used to define the inte-
rior surfaces of top and bottom rigid plates. The contact
element supports the Coulomb friction model to transfer the
shear forces at the interface of contact and target surface.
The coefficient of friction at the contact surfaces of the
isolator and the rigid supports is selected to be 0.85, /20/.

Laver 1 Material 1

Theta 0

Layer 2

Theta 90

Material 1
Figure 2. Layer stacking of the fiber-reinforcement in the isolator.

Boundary conditions: the vertical load and horizontal
displacement are applied at the top plate, which is allowed
to move both in the vertical and horizontal directions, while
all degrees of freedom of bottom plate are restrained.

Material model

The elastomer is modelled with hyper-elastic and visco-
elastic parameters. Hyper-elasticity refers to materials which
can experience large elastic strain that is recoverable.
Rubber-like and many other polymer materials fall in the
category. The constitutive behaviours of hyper-elastic mate-
rials are usually derived from the strain energy potentials.
Further, hyper-elastic materials generally have very small
compressibility. Finally, hyper-elastic materials have a stiff-
ness that varies with the stress level.

The Ogden three-term model has been adopted to model
the hyper-elastic behaviour of the elastomer, which is char-
acterized by shear (Ge) and bulk (Ke) modulus of the elasto-
mer and the visco-elastic behaviour is modelled by Prony
Visco-elastic Shear Response parameters.

For the Ogden hyper-elastic material constant:

This option, TB,HYPER,,,,OGDE uses the Ogden form
of strain energy potential. The Ogden form is based on the
principal stretches of the left Cauchy-Green tensor. The
strain energy potential is /21/:
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where: W - strain energy potential; /Tp (p=1,2,3) = devia-
1
toric principal stretches, defined as /Tp =J 3/1p ; Ap - prin-
cipal stretches of the left Cauchy-Green tensor; J - determi-
nant of the elastic deformation gradient F; N - number of
terms in the model; g - shear moduli at the reference con-
figuration; «p - dimensionless material constants; N, 4, op
and d, - material constants.
The initial shear modulus sy is defined by:

N
ﬂOZEZapﬂp . 2
p=1

According to /22-23/, the Odgen three-term model of
elastomer material is given by:
N =3;
11 = 6.30x10° N/m?; an = 1.3;
12 =0.012x10% N/m?; o = 5.0;
w3 =—0.10x10% N/m?; a3 = -2.0.
The initial bulk modulus (K) is defined by:
2
K 1 3)
The shear modulus (Ge) and the bulk modulus (K.) of the
elastomer can be computed by

E

© T2 1) )
E

© T 30-2u) ©)

where: E is Young’s modulus; and g is Poisson’s ratio of
the elastomer material. According to /24/, the Poisson’s ratio
of the elastomer material is approximately 0.4998.

For the Prony Viscoelastic Shear Response parameters:

Use the TB,PRONY,,,,SHEAR commands to input the
relaxation property. The data representing a time-dependent
or viscoelastic response of materials can be approximated
by a Prony series, based on a relaxation or creep test. For
elastomer material of FREIs, the Prony Shear Response
parameters are oq = 0.3333; t1 = 0.04; a» = 0.3333; t, = 100.

Details of input loads

Horizontal behaviour of U-FREI is investigated under
the action of varying vertical loads and cyclic horizontal
displacements by FE analysis and then the influence of the
vertical load on horizontal behaviour of the isolator is eval-
uated. In this study, the isolator is subjected simultaneously
to four levels of the vertical load (350, 500, 650 and 800 kN)
and three levels of horizontal displacement amplitude (80,
112.5 and 135 mm). The value 350 kN of vertical load is a
design vertical load for the isolator. The magnitude of design
vertical load corresponds to axial force of column and the
value is obtained from the analysis of the actual building.
Besides, the horizontal behaviour of the prototype U-FREI
is investigated under the design vertical load (350 kN) and
cyclic horizontal displacement up to 80 mm by experi-
mental study /11, 20/. Thus, the value 80 mm of horizontal
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displacement amplitude is selected to evaluate the accuracy
of the FE model. The investigation process from FE analy-
sis is conducted as follows.

Firstly, the isolator is loaded simultaneously to the design
vertical load of 350 kN and two complete sinusoidal cycles
of horizontal displacement of amplitude 80 mm (0.89t,), as
shown in Fig. 3, applied at the top rigid plate. Next, the
vertical load is increased to three levels of 500, 650 and 800
kN. For the amplitude of cyclic horizontal displacement and
each vertical load, the hysteresis loops of the isolator repre-
sent the relationship between shear forces and cyclic hori-
zontal displacements are determined from FE analysis results
and then its mechanical properties including effective hori-
zontal stiffness and equivalent viscous damping factor are
obtained.

The amplitude of cyclic horizontal displacement is sub-
sequently increased (112.5 and 135 mm) and the process is
repeated considering the same values for the vertical load as
above. The complete simulation is considered for four verti-
cal loads of P = 350, 500, 650, 800 kN and three displace-
ment amplitudes of u = 80, 112.5 and 135 mm (0.89t,, 1.25t;
and 1.50t,, respectively), a total of 12 FE simulation.

Displacement

A N T
| |
| |
AN

0 11.0 12.0 Time (s)
1 1

A\ ) o

Figure 3. Imposed horizontal displacement history.
FE solution

The full transient dynamic analysis is carried out to deter-
mine the time-varying responses of the isolator. The full
method uses the full system matrices to calculate transient
responses. It is the most general method of analysis used in
ANSYS. This method allows calculation of all types of
nonlinearities, loads, displacements and stresses in a single
pass and there are no mass matrix approximations involved.
Full method is used in analysing the isolators because of the
material nonlinearity and nonlinearity of the contact element.
Displacement-based convergence criterion is used for the
analysis under combined action of vertical load and hori-
zontal displacements.

Effect of mesh size on FE analysis result

The model is meshed with hexagonal volume sweep. The
volume sweep fills existing unmeshed volume with elements
by sweeping the mesh from an adjacent area through the
volume. If the area is not already meshed, volume sweep
meshes the area and then extrudes it. In case of nonlinear
and large displacement FE analysis, size of mesh plays an
important role. Generally, a refined mesh gives more accu-
rate solution in FE analysis. However, very fine mesh obvi-
ously requires large storage space as well as more computa-
tional time. Thus, a mesh sensitivity analysis is first carried
out to arrive at an acceptable refined mesh by studying the
solution convergence with mesh refinement, which is sub-
sequently considered for the detailed analysis.
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Figure 4 shows three FE models of the U-FREI with
different discretization named as coarse, fine and very fine
mesh size. The x-axis matches with fibers oriented along 0°,
while y-axis matches with fibers along 90°. The U-FREI is
investigated under the design verical load of 350 kN and
horizontal displacement amplitude of 135 mm by FE analy-
sis. Distribution of normalized stress Sss/p (p is the vertical
pressure due to applied vertical load at the top of isolator,
axis-3 is parallel to z-axis) plotted along the width of the 9™
elastomer layer located adjacent to the mid-height and of
the 9" fiber layer located at mid-height of the U-FREI at
horizontal displacement of 135 mm are shown in Figs. 5 and
6, respectively. All the three types of FE meshes as shown
in Fig. 4 are considered for the study. It can be seen from
Fig. 5 that the stress distribution pattern, peak values of com-
pressive stress in the mid elastomer layer corresponding to
the coarse and fine mesh are very close to results obtained
from very fine mesh. However, it may be observed from
Fig. 6 that the stress distribution corresponding to very fine
mesh is much smoother as compared to other two mesh
cases, though the peak compressive values are almost in the
same range. In view of this, all the subsequent analyses for
all the considered isolators are carried out utilizing the very
fine mesh as shown in Fig. 4c.

%
2
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o
2
o
o
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a) coarse mesh; b) fine mesh; c) very fine mesh.
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Figure 5. Distribution of normalized stress Ssa/p plotted along the
width in the elastomer layer at mid-height of U-FREI at
displacement of 135 mm.
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Figure 6. Distribution of normalized stress Ssa/p plotted along the
width in the fiber layer at mid-height of the U-FREI at
displacement of 135 mm.

Validation of FE model of the U-FREI

According to /20/, the experimental study of the U-FREI
under the design vertical load of 350 kN and cyclic hori-
zontal displacement up to 80 mm was investigated at Struc-
tural Engineering Laboratory, Indian Institute of Technol-
ogy Guwahati, India. Comparison of the horizontal response
of the U-FREI from experimental and FE analysis results is
conducted to evaluate the accuracy of the FE model.

Deformed shapes of the U-FREI as obtained from both
FE analysis and experimental results at the horizontal dis-
placement amplitude of 80 mm are shown in Fig. 7. The top
and bottom surfaces of U-FREI exhibit stable roll off the
contact surfaces without any damage. It can be seen from
Fig. 7 that the deformed shape of the isolator obtained from
FE analysis is in very good agreement with the deformed
shape during the experimental test.
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1
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Figure 7. Deformed shapes of U-FREI at displacement amplitude
of 80 mm and vertical force equal to 350 kN: a) FE analysis result;
b) experimental result.

Hysteresis loops of an isolator represent the relationship
between shear forces and cyclic horizontal displacements.
For FE analysis results, the total forces in the loading direc-
tion at all nodes of the top surface of the isolator are summed
to get the total shear force. Shear forces are then plotted
against the horizontal displacement to get the hysteresis
loops of the isolator. Comparison of the hysteresis loops of
the U-FREI with increasing horizontal displacement up to
80 mm as obtained from experimental and FE analysis
results is presented in Fig. 8, which shows a very good
agreement between the expriment and FE analysis.

30

Shear Force [kN]

—— Experimental results

— —FE analysis results

30

Horizontal Displacement [mm]

Figure 8. Comparison of hysteropesis loops of the U-FREI
obtained from experiment and FE analysis.

Based on this observation, the accuracy of the adopted FE
model is established. In view of this, the FE model is con-
sidered for the analysis of the cyclic response of the U-FREI
up to higher displacement amplitudes (from 80 to 135 mm),
wherein analysis is done for varying vertical loads as well
as cyclic horizontal displacement.

EFFECT OF VERTICAL LOAD ON PERFORMANCE OF
PROTOTYPE U-FREI

Hysteresis loops and backbone curves

The nonlinear behaviour of an isolator is generally
reflected in its horizontal force-displacement hysteresis loop.
Figures 9, 10 and 11 show hysteresis loops of the U-FREI
under different vertical loads and horizontal displacement
amplitude of 80, 112.5, and 135 mm, respectively.

The shapes of hysteresis loops of the prototype U-FREI
under different vertical loads and cyclic horizontal displace-
ment as obtained from FE analysis in this study are similar
to those in the observation made by De Raaf et al. /18/
based on the experimental results of a scaled model of U-
FREI. Thus, the adopted FE analysis model is very effec-
tive in evaluating the dynamic response of the prototype U-
FREI under the variation of vertical load and cyclic hori-
zontal displacement.
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Figure 9. Hysteresis loops of the U-FREI under different vertical
loads and horizontal displacement amplitude of 80 mm: a) P =
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Figure 10. Hysteresis loops of U-FREI under different vertical loads
and horizontal displacement amplitude of 112.5 mm: a) P =
350 kN; b) P =500 kN; c) P = 650 kN; d) P = 800 kN.
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Figure 11. Hysteresis loops of the U-FREI under different vertical
loads and horizontal displacement amplitude of 135mm: a) P =
350 kN; b) P =500 kN; c) P = 650 kN; d) P = 800 kN.
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In order to evaluate the influence of the vertical load on
the horizontal behaviour of the U-FREI, a curve is fitted to
shear force-displacement hysteresis loop. The fitted curve,
denoted as backbone curve, represents an idealized evaluate
of horizontal response of the isolator with the damping
forces removed. The damping of an isolator is computed by
measuring the energy dissipated in each cycle which is the
area enclosed by the hysteresis loop. It is presented in more
details in the next section. The fitted backbone curve is
obtained from the average value of shear forces at any given
horizontal displacement in the corresponding hysteresis loop
as shown in Fig. 12.
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Figure 12. lllustration of a fitted backbone curve in a hysteresis
loop of the U-FREI under vertical load of 800 kN and horizontal
displacement amplitude of 135 mm.
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Figure 13. Backbone curves of U-FREI under variation of vertical
loads and horizontal displacement amplitudes: a) u = 80 mm; b)
u=112.5 mm; c) u = 135 mm.

The backbone curves of U-FREI under different vertical
loads (350, 500, 650 and 800 kN) and displacement ampli-
tudes are shown in Fig. 13. It can be seen from Fig. 13 that
the shear force of U-FREI decreases with the increase in
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vertical load at each amplitude of horizontal displacement.
It will result in a decrease in the effective horizontal stiff-
ness of the isolator.

Mechanical properties of the U-FREI

Two important parameters such as effective horizontal
stiffness and equivalent viscous damping factor (or damping
factor) are obtained from the hysteresis loops. According to
125/, the effective horizontal stiffness of an isolator at any
amplitude of horizontal displacement is defined as:

Kgﬁ _ Finax — Fmin ' (6)
Umax ~Umin
where: Fmax, Fmin are maximum and minimum values of the
shear force; Umax, Umin are maximum and minimum values of
the horizontal displacement.

The equivalent viscous damping factor of the isolator ()
is computed by measuring the energy dissipated in each
cycle (Wqy), which is the area enclosed by the hysteresis loop.
The magnitude of gis computed as:

Wy
27Z'Kehff Arznax ’

where: Amax is the average of positive and negative maximum
displacements, Amax = (JUmax| + |[Umin|)/2.

Effective horizontal stiffness and equivalent viscous
damping factor of the isolator under different vertical loads
and horizontal displacement amplitudes are presented in
Table 1. These results are obtained by considering average
values over two cycles of each horizontal displacement
amplitude. The influence of vertical load on the mechanical
properties, including effective horizontal stiffness and equiv-
alent viscous damping factor, of the isolator under cyclic
horizontal displacement is plotted in Figs. 14 and 15.
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Figure 14. Effective horizontal stiffness of the U-FREI vs. vertical
load for various horizontal displacement amplitudes.
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Figure 15. Equivalent viscous damping factor of the U-FREI vs.
vertical load for various horizontal displacement amplitudes.
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Table 1. Mechanical properties of the U-FREI under different
vertical loads.

Vertical Amplitude of horizontal displacement, u

load 80 mm 112.5 mm 135 mm

P Keffh ﬂ Keffh ﬂ Keffh ﬂ
(kN) [(KN/m)| (%) |(KN/m)| (%) | (KN/m)| (%)
350 [301.67| 13.46 |247.09 | 14.58 | 222.03 | 15.42
500 [291.52| 15.07 |237.04 | 16.32 | 212.30 | 17.31
650 |274.37| 17.35 |222.73 | 18.95 | 195.92 | 20.02
800 |248.34| 20.49 |202.13 | 22.96 | 173.26 | 25.00

It is apparent from Table 1, Figs. 14 and 15 that the effec-
tive horizontal stiffness of the U-FREI decreases, while the
equivalent viscous damping factor increases with the increase
in the vertical load at any given amplitude of horizontal
displacement. The decreases in effective stiffness are found
to be 17.7%, 18.2% and 22.0% under vertical load ranging
from 350 to 800 kN at the displacement amplitude of 80 mm
(0.89t;), 112.5 mm (1.25t;), and 135 mm (1.50t;), respec-
tively. This finding is in agreement with the observation
made by De Raaf et al. /18/ based on experimental results
of a scaled model of U-FREI under different vertical loads.
Moreover, for a given vertical load, the effective horizontal
stiffness decreases, while the damping factor increases with
increasing horizontal displacement amplitude. The decrease
in effective stiffness corresponding to increase in amplitude
of horizontal displacement from 80 to 135 mm are found to
be 26.4%, 27.2%, 28.6% and 30.2% at vertical load of 350,
500, 650 and 800 kN, respectively. These reductions are due
to rollover deformation, which results in an increase in the
time period of the base isolated structure leading to increase
in their seismic response control efficiency. Despite the
reduction in the effective horizontal stiffness at high verti-
cal loads, the U-FREI can maintain symmetric force-dis-
placement hysteresis loops under cyclic loading.

In the above, it has been proven that the vertical load has
a large influence on the horizontal response of an U-FREI.
In engineering practice the isolator is generally considered
to be subjected to a constant design vertical load and cyclic
horizontal displacement during the design process of a base
isolated building. However, the actual value of the vertical
load applied (factored column load) may change for various
reasons (e.g. due to the presence of live loads on a building
or traffic volume on a bridge structure). To control the
behaviour of U-FREIs supporting a base isolated building,
it is thus necessary to consider the load combinations that
lead to different axial loads of a column during the design
process of the U-FREIs.

CONCLUSIONS

In this study, the influence of vertical loads on the
performance of a prototype U-FREI is presented by FE anal-
ysis. The prototype isolator from which experimental results
are obtained has been installed in an actual building in
Tawang, India. Its size is 250x250x100 mm and its shape
factor is 12.5. The U-FREI is subjected to various levels of
vertical loads under cyclic horizontal displacement to deter-
mine the effect of vertical load on its dynamic properties.
The concluding remarks are as follows:
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« Generally, the effective horizontal stiffness of the U-FREI
decreases due to rollover deformation, while the equiva-
lent viscous damping factor increases with increasing
amplitude of the horizontal displacement at a given value
of applied vertical load.

. Effective horizontal stiffness of the U-FREI decreases,
while the damping factor increases with the increase in
the vertical load at any given amplitude of horizontal
displacement.

« To control the behaviour of U-FREIs supporting a base
isolated building, it is necessary to consider the load com-
binations that lead to different axial loads of a column
during the design process of the U-FRElIs.
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