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Abstract

Elastomeric bearing is the most common base isolation system for structures and bridges to
dissipate effect of applied vibration and ground motion. To improve performance of the base
isolators, lead core is implemented in the rubber bearings and it successfully enhances the
damping and stiffness of elastomeric bearing.

However, the most notable disadvantage of lead-core rubber bearing is the lead toxicity impact
on extensive environmental contamination, which restrained application of lead in construction
industry.

Therefore, in the present study, an attempt has been made to develop a new elastomeric
laminated bearing utilizing core-and-filler system instead of lead core to improve the
performance of bearing. Two types of filler, namely granular and shape memory polymer are
implemented. Granular filler is prepared by using silica sand, while shape memory polymer
filler is prepared by using epoxy resin. Also, steel core is implemented to improve the stiffness
of filler.

The performance of proposed bearing utilizing with core-and-filler system is evaluated using
finite element simulation. The numerical results revealed the efficiency of bearing with
proposed system by providing considerable damping and stiffness. The replacement of lead
core with fully filled granular and shape memory polymer showed improvement in terms of
stiffness, and this proved core-and-filler system is effective in limiting lateral displacement.
Also, the prototype of base isolation devices with both granular and shape memory polymer
fillers are fabricated and tested via cyclic shear test. The results are compared with finite
element analysis results, and good agreement between experimental tests results and numerical
simulation response is shown. The experimental testing results proved that implementation of
core-and-filler system improves the lateral resistance of proposed elastomeric bearing. In
overall, it can be concluded that the implementation of core-and-filler system provides a
reliable improvement to the performance of conventional elastomeric bearing and can be
considered as alternative system to lead core rubber bearings.

Keywords: Elastomeric isolator, laminated rubber bearing, lead core rubber bearing, core and
filler system, sand, epoxy resin, finite element method

1.0 Introduction

Base isolation technology has been a matured energy dissipation technology in recent years.
Laminated rubber bearing (LRB) is one of the simplest and most economical devices for the
purpose [1][2]. Alternating layers of steel plates and rubber sheets in this device dissipates
energy from ground motion before it can be transmitted to superstructure [3]. The device
reduces the fundamental frequency of superstructure and thus makes it stay out of the range of
ground motion frequencies that contains principal energy [4][5][6].

The performance of LRB can be improved by introducing lead core. Studies have proved that
the resulted lead core rubber bearing (LCRB) shows significant shear and compression
stiffnesses compared to LRB. Moreover, by exploiting the property of lead that yield under
considerably low stress of 10MPa and recrystallizes in room temperature, the damping property
of bearing is highly improved while being consistent [6].
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Another alternative to LRB, fibre-reinforced rubber bearing (FRRB) that uses fibre
reinforcement material (FRP) instead of reinforcing steel plates is used. The substitution
directly reduces the weight and manufacturing cost of the device, compared to LRB. It is also
proven from study that, the friction between FRP and rubber can improve the bearing’s
damping and energy dissipation capacity, as well as compression stiffness [8][9].

Among the discussed variation of bearing devices, LRB and LCRB are commonly used in the
construction industry. However, major drawbacks from the application have been an issue. In
practice, an elastomeric bearing is designed to deform by an allowable magnitude when
subjected to forces as specified in codes and standards. In the event of unforeseen situations,
forces that act on superstructure may cause the bearing to deform unexpectedly. Such change
prompts the bearing to respond with large strain, and this causes the hardening of rubber and
loses its flexibility. As a result, less force will be filtered by the isolator and being transferred
to superstructure, causing the structure to sustain significant force and acceleration [8][10]. On
the other hand, when the bearing does not work as intended, uncontrollably large deformation
can happen and resulting in unseating failure. The superstructure may not be stable and at the
risk of collapse or topple over [11].

The use of lead in bearing technology on the other hand, brings harm alongside improvement.
It has been proven that lead contaminates soil, and its effect can persist for centuries [12][13].
People reside in or nearby these areas are at high risk of lead exposure, and such exposure
always bring adverse impact to human health [14][15].

Several studies were conducted to innovate the elastomeric bearing technology. Matsushita,
Fujisaka and Sasaki proposed peripherally restrained bearing (PRB). The PRB is similar to
LRB, with the only key difference where the centre of the bearing is filled with synthetic rubber
block, namely core block. Due to this configuration, the alternating rubber layers and steel
plates are forming restraining rings that help to restrain the homogeneous core block from
bulging. The damping of the core block used is greater than the rubber in peripheral restraining
ring, result in greater damping ratio of the PRB device compared to LRB. The test result also
revealed that the critical shear strain of PRB is lower than that of LRB, and the researchers
remarked that the deficiency has insignificant impact on the real-life application of the device
[16]. Analysis on the behaviour of elastomeric bearing with rubber cores was conducted by
Rahnavard and Thomas numerically, and the researchers remarked that, the damping of bearing
increases with the number of rubber core inserted. The study agreed that introduction of rubber
core reduces the stiffness of elastomeric bearing [17].

Choi, Nam and Cho observed that strong earthquake often causes large and irreversible
deformation in LCRB. To improve the stability of bearing, shape memory alloy (SMA) wire
was introduced as vertical bracings at its four vertices. Hedayati Dezfuli and Alam proposed
an improvement to the mechanism proposed by Choi, Nam and Cho by arranging the SMA
wire bracings diagonally [18][19].

The lateral displacement of LCRB was reduced to 9% maximum strain when the diagonally
braced device is subjected to 200% shear strain, compared to 25% maximum strain exhibited
by vertically braced device. However, the improvement in energy dissipation capacity was
reduced from 38% to 15% by changing vertical bracings to cross bracings [18][19].

Ozkaya et al. developed novel laminated rubber bearing, namely ball rubber bearing (BRB). A
hole is prepared at the centre of conventional bearing and filled with steel balls. The proposed
mechanism is proven improves the energy dissipation of bearing, as well as its vertical and
lateral stiffnesses [20].

Li et al. proposed a novel elastomeric bearing by replacing the reinforcing steel plates with
steel mesh, namely steel mesh reinforced elastomeric isolation bearing (SMREIB). When
compared to LRB, the vertical stiffness of SMREIB is greater, while the shear stiffness of
SMREIB is lower. However, the device can easily roll over and thus able to accommodate



large relative displacement between substructure and superstructure. For this reason, the device
possesses better isolation ability compared to LRB [8]. Fig. 1 shows some innovations made
to elastomeric bearing.
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Fig. 1 Innovations and enhancements in bearing technology proposed in previous studies

Among the previously studied improvement on LRB, some deficiencies were identified. For
PRB, the introduction of rubber core improved the damping of device by trading off its lateral
stiffness [17]. Same situation was observed for SMREIB [8]. The use of sophisticated material
such as shape memory alloy requires higher fabrication cost, and this is expected to hinder
mass production and wide implementation in future. BRB showed good improvement in both
energy dissipation and stiffness, but enhancement can be done by using more common material,
which aids in future implementation in industry [20].

Numerical analysis of elastomeric bearing was conducted in various studies. Warn and
Weisman conducted numerical analysis of elastomeric strip bearing using FEM. The study
found significant difference between FEM and experimental result at the low axial load
corresponding to the large lateral displacements. The ineffectiveness of neo-Hookean model in
simulating the behaviour of rubber is highlighted in the study. The researchers remarked the
model does not take the stiffening of rubber under large shear strain into account [21]. Kalfas,
Mitoulis & Katakalos conducted numerical analysis to simulate the behaviour of laminated
rubber bearing. From the study, Ogden model is found the accurate to simulate the behaviour
of natural rubber [22].

Zhou, Wu and Li studied the behaviour of elastomeric bearing under compression and shear
using FEM. The researchers remarked that Mooney-Rivlin model is not able to simulate the
behaviour of rubber under stiffening due to huge shear deformation [23].

Modelling of granular material can be conducted in two ways. One of the ways is to model the
individual particles using discrete element modelling (DEM) [24]. This method has been
implemented in simulation of sand behaviour such as direct shear and triaxial compression tests
[25][26]. The main disadvantage of DEM was unusually high computational cost [27][28][29].
The other way is to model the whole sand mass as continuum.



Several types of models were used to simulate the behaviour of granular solids, namely elastic
(EL), porous elastic (PE), elastic with Mohr-Coulomb plasticity (ELMC), elastic with Drucker-
Prager plasticity (ELDP) and porous elastic with Drucker-Prager plasticity (PEDP) [30].

In the present study, an innovative mechanism for laminated rubber bearings is proposed to
improve its performance and implement it in structures and bridges as alternative to lead rubber
bearings. The proposed laminated bearings utilized with the steel core and granular and shape
memory polymer filler system, and numerical simulation has been conducted to evaluated
performance of developed base isolators in comparison to LRB under applied lateral loads.
Also, the prototype of proposed base isolator with two different mentioned fillers are fabricated
and experimentally tested under cyclic load to assess the efficacy of developed isolator in terms
of energy dissipation capability, shear and compression stiffnesses capacity. Then, the
numerical analysis result is validated by using experimental result.

2.0 Development of base isolation utilized with core-and-filler mechanism

In this research work, a rubber base isolator with core-and-filler system is developed as
alternative to lead-core rubber bearing (LCRB) which recently considered as extensive
environmental contamination due to toxicity impact of lead material. Details of implemented
filler systems and core are demonstrated in follow:

2.1 Filler system for base isolation

The function of filler is to improve the bearing’s stiffness and damping properties. In this study,
two different types of material as granular and shape memory polymers are used as filler
materials to improve the efficiency of rubber isolator to dissipate vibrations.

Granular material is proposed as a type of filler for its ability to generate friction when the
particles are being pushed by force exerted on bearing. Based on the principle of conservation
of energy, such friction plays vital role in dissipating energy which induced by external work
done.

Pure sand is used in this study as granular material filler. It is worthy to highlight that gravel
mixture is not implemented in this research since previous studies have found that addition of
large particles i.e. gravel to sand would not improve the shear strength of mixture significantly
[31]. Moreover, large particles impose greater abrasion damage to contacting steel components
compared to smaller particles like sand [32]. After collision with steel components, gravel is
more prone to be crushed into smaller particles compared to sand, diminishing improvement
in mixture’s shear strength if there is any [33]. Therefore, pure sand is proposed to use as filler
material for base isolation. Application of sand is also beneficial for the industrial
implementation of proposed system on elastomeric bearing in future. Sand is a common
construction material that involves in concrete mixing, pavement construction, earthwork
filling operation etc. By using a material which the construction industries are familiar with,
the adaptation of new bearing system can be implemented with less obstacles, compared to the
other well-known materials.

Shape memory polymer is another type of filler proposed for the base isolator system. This
kind of material is known for its superelasticity and ability to restore back to original shape.
Epoxy resin is the kind of shape memory polymer chosen for its wide application in
construction industry, such as structural adhesive and pavement engineering [34].

An study shown that material binder treated with epoxy resin became more resilient against
rutting compared to the untreated [35]. However, the epoxy resin in use should be flexible
enough since the binder treated with high content of epoxy resin became hard and brittle. The
strength of such mixture is limited and premature failure often occur before the strength of
epoxy is fully deployed [36]. Epoxy with certain degree of flexibility is less likely to show
brittle failure [37].



2.2 Steel core system for base isolation

The steel core is used on the developed base isolator for two purposes. Its primary purpose is
to improve the strength of filler in resisting shear force that acts laterally. This concept was
motivated by an experiment which found that sand becomes stiffer when hard core is inserted
in it, compared to those without any core [38]. Its secondary purpose is to limit the bearing
from exhibiting large lateral deformation. When the displacement is greater than the allocated
horizontal gap, contact or pounding of steel core and bearing body occurs and limit movement
to the allowable displacement and prevent of any excessive movement. The core is chamfered
at the top to ensure it does not leave any sharp edge that may damage the body of bearing when
contact occurs. Gap exists between the top of core and the soffit of bearing top cover plate.
This gap is used to prevent the contact between core and top cover plate after the bearing is
loaded and compressed. This avoids damages in both components when the bearing is pressed
vertically and pushed laterally during operation. The bearing is to be designed in such a way
that the gap will still present even when unusually large compression is acting from above. Fig.
2 shows how the bearing responds under different situation.
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Fig. 2 Bearing response under various loading conditions

3.0 Bearing dimensions

In the present study, the proposed circular elastomeric bearings were consisting of 11 rubber
layers and (nr=11) 10 steel shims (ns=10). Two rectangular steel plates, namely top and bottom
cover plates were used to sandwich the elastomeric bearing. Two types of bearing body were
presented in this study. The type 1 body was used in conventional laminated rubber bearing
(LRB), while type 2 body was used in sand-core rubber bearing (SCRB) and epoxy-core rubber
bearing (ECRB). The key difference between two types of bearing body was the presence of
concentric hole at the centre of steel shims and rubber layers in type 2 body. The hole was
prepared to accommodate the proposed core-and-filler mechanism inside the elastomeric
bearing.



For both types of bearing, the width and length of top and bottom plate were 375mm
(Wtop=Whot=Ltop=Lbot=375mm), while their thickness were 20mm (Tiop=Tbot=20mm). The
thickness of steel shims was 3mm (ts=3mm). The thickness of rubber layers varies with its
position, where the two outermost layers (nr,0=2) which contacting the cover plates were 4mm
(tro=4mm) and the remaining (nri=9) were 3mm (tri=3mm). The diameter of steel shims and
rubber layers was 275mm (Dp=275mm). Nominal cover to steel shims was provided, but it was
neglected during numerical analysis [39]. The overall height of elastomeric bearing was 65mm
(Hp=65mm).

For bearing body type 2, 75mm diameter hole was provided at the centre of all steel shims and
rubber layers (Dvoigc=75mm). Non-prismatic steel core was provided, where the diameter of
core changed from 15mm at the bottom to 10mm at the top (D¢ bot=15mm, D¢ top=10mm). The
height of core is 35mm (Hcore=35mm) and therefore, the body of core stem was sloped at a rise
to run ratio of 14:1.

In ECRB, the void at the centre of elastomeric bearing was fully filled by epoxy resin
(Hrn=65mm). In SCRB, two types of filling conditions were established. For the first filling
condition, the void was partially filled by silica sand until the height of 35mm, which made the
top of filler at the same level with the top of steel core (Hin=35mm). For the second filling
condition, the void was fully filled by silica sand (Hin=65mm). The fill volume for ECRB and
SCRB2 was approximately 282694mm?, while that for SCRB1 was approximately 150158mm?.
The centre of bottom cover plate was to be drilled and threaded to fit the steel core, which was
threaded at the bottom part. The cover plates were to be manufactured separately, rather than
as parts of an integrated unit with elastomeric bearing. This was necessary for the filling process
which came later the formation of components. To hold the elastomeric bearing in place
between the cover plates during cyclic shear test, restraining rings were provided and welded
to both cover plates.

Table 1 summarizes the dimension of all elastomeric bearing models. Fig. 3 shows the
schematic drawing of all four elastomeric bearings prepared in the present study.

Table 1 Dimension of elastomeric bearing models
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Fig. 3 Elastomeric bearing models prepared in this study

3.1  Filler preparation

The constituent material of the proposed bearing was chloroprene rubber. It was used for its
better strength and durability compared to natural rubber. The hardness of rubber proposed was
IRHD 60, and the corresponding shear modulus was 0.9+0.15N/mm? [40].

For filler, coarse silica sand which sized between 0.63mm to 2mm was used as granular filler
[41]. Epoxy resin was used as shape memory polymer filler. It consisted of components A and
B. Component A contained an epoxy resin while component B is a hardener. Both components
A and B were mixed with weight ratio of 3:1. Based on the information provided by supplier,
the composition of shape memory polymer is 65% of oxirane, 2,2’ — [(1-methylethylidene) bis
(4,1-phenyleneoxymethylene)] bis-, homopolymer, 35% of polyoxy propylenediamine and 10%
of benzyl alcohol.

During fabrication stage, the mixture of component A and B was to be stirred thoroughly for 3
minutes before being poured into the void of elastomeric bearing. The elastomeric bearing was
clamped together with its bottom cover plate to avoid the outflow from the base of bearing due
to irregularity of the surface. The bearing was then left for at least 48 hours for epoxy resin to
cure. Fig. 4 shows the condition of bearing prototypes after
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Fig. 4 Elastomeric bearing prototypes prepared after filling process

4.0 Numerical modelling

Finite element models of proposed elastomeric bearings were developed by using ABAQUS
software. The models were simulated and analysis conducted, and the numerical analysis
results were exported from the software.

4.1 Material property
This section demonstrates the mechanical properties of all the materials adopted in the
simulation of proposed elastomeric bearing using finite element method.

4.1.1 Rubber material
Being the constitutive material used in elastomeric bearing, the definition of mechanical
properties of rubber was found crucial during modelling. This section explicitly discusses the
properties adopted when defining the rubber material. Through uniaxial test result, for instance
the classical experimental result presented by Treloar, linear stress-strain relationship is
observed for small strain. In large strain, the relationship becomes non-linear and even so, the
elasticity of the material remains. Such behaviour of elastomer is usually defined using
hyperelastic model in finite element analysis. Some assumptions are usually made during the
analysis. First, the material is considered isotropic, where the same mechanical properties are
consistent throughout the continuum, and its behaviour is independent of the location and
orientation of loading.
Numerous hyperelastic models are available in ABAQUS [42]. Among them, Ogden model
was adopted in this study. The ability of Ogden hyperelastic model in predicting the behaviour
of rubber has been found reliable [22]. The strain-energy function W for Ogden hyperelastic
model is shown in Eq.(1) [42]:
N .
w2 s )
i=1 O]

1)
Where A1, 12 and Az are principal stretches. N is the order of strain-energy function, while x; and
ai are material constants. In present study, 3™ order function was implemented for all bearing
model, with the material constants shown in Table 2 [43].

Table 2 Material constants of Ogden hyperelastic model used for rubber material

u a
1 0.3326 2.4466
2 0.3326 2.4466

3 0.3326 2.4466




1o can be determined based on the Ogden hyperelastic model material constants by using Eq.
(2) [42]. In present study, the calculated @0 was 0.9978MPa, which was consistent with the
specification for rubber material. The Mullins effect was neglected for simplicity, as suggested
by Altalabani et al. [44].

N
Uo = z u; = 0.9978MPa
i=1
)

The initial bulk modulus Ko and initial shear modulus uo were taken as 2000MPa and
0.9978MPa respectively [40]. The Poisson’s ratio, v can be determined using Eq. given the
values of Ko and uo [42].

3Ko/to—2 3(2000/0.9978) — 2

VT 6Ky /i + 2 6(2000/0.9978) + 2

= 0.4998
)

Given high Ko/uo ratio of rubber which leads to high v, the compressibility is insignificant
compared to shear flexibility. Therefore, it is suitable to consider rubber an incompressible
material.

The damping behaviour of rubber material can be simulated by implementing hysteresis
parameters. These parameters were introduced by Bergstrom and Boyce, which consists of
stress scaling factor S, creep parameter C,, effective stress exponent m and creep strain
exponent Cz [45]. S is the tested stress ratio under instantaneous loading which affects the
damping ratio of elastomer. Effective creep strain is described by C;. m describes the
dependency of effective stress to creep strain rate [17]. C was defined as -1 by Bergstrom and
Boyce, however ABAQUS allowed it to be defined as a value ranging between -1 to 0 [45][42].
In present study, cyclic shear test produced hysteresis curve, and this made the implementation
of hysteresis parameters necessary. Bergstrom and Boyce suggested a set of hysteresis
parameters which may be applicable to common elastomer. However, modification of these
parameters was recommended by the researchers to fit the model to experimental result [45].
Trial-and-error were conducted on LRB model in present study to determine an appropriate set
of hysteresis parameters, as per the method implemented by Khaloo, Barmi and Moeini [46].
The parameters presented by Bergstrom and Boyce for chloroprene rubber with 15% of carbon
black N600 by volume was used as first trial, where the value of S is obtained by calculating
the ratio of us to wa, which were 4.45MPa and 1.31MPa respectively [47]. They were
implemented to LRB at first, and trial-and-error was conducted until a suitable hysteresis curve
that fit the experimental results was produced. The resultant parameters were then implemented
to all elastomeric bearings for numerical simulation. The set of parameters obtained from this
process is presented in Table 3.

Table 3 Hysteresis parameters defined for rubber material

Stress scaling ~ Creep parameter  Effective stress Creep strain
factor S ¢, exponent m exponent C;
50 4 x 10710 8 0

4.1.2 Steel material

The behaviour of steel was described as elastoplastic in finite element analysis. The modulus
of elasticity E and Poisson’s ratio v of steel were taken as 210GPa and 0.3, respectively [48].
The yield strength oy of steel material is taken as 235MPa [40]. However, yielding of the steel
components was not anticipated throughout the simulation (Refer to Table 4).



4.1.3 Sand material

Sand presented in SCRB1 and SCRB2. To simulate the behaviour of sand, finite element
method was used rather than discrete element method. The computation cost for discrete
element method is high and the implementation was deemed impractical [29].

By using finite element method, the sand filler was modelled as an entire sand mass as a result.
The behaviour of sand was described as linear elastic [30], where the modulus of elasticity E
and Poisson’s ratio v were taken as 85MPa and 0.3 respectively [49][50] (Refer to Table 4).

4.1.4 Epoxy material

Epoxy presented in ECRB. Its behaviour governed by elastoplastic during finite element
analysis. The mechanical properties of epoxy resin were based on the value reported in
literature. Modulus of elasticity E and Poisson’s ratio v of epoxy resin were taken as 1038MPa
and 0.35, respectively [51]. Its yield stress oy was taken as 15.8MPa and the corresponding
yield strain ¢y was 1.07%. The epoxy material was expected to fail at ultimate stress omax of
26.5MPa, with the corresponding elongation at break emax of 2.9% [52].

4.15 Lead material

Lead-core rubber bearing was simulated in finite element analysis, and its performance was
used as the benchmark to evaluate the performance of elastomeric bearing with proposed core-
and-filler system. The behaviour is lead was defined as elastoplastic. The elastic properties,
namely modulus of elasticity E and Poisson’s ratio v were 18GPa and 0.43, respectively [44].
The yield strength of lead was taken as 10MPa [7].

Table 4 summarizes the mechanical properties adopted for steel, sand, epoxy and lead materials
in finite element analysis.

Table 4 Mechanical properties of steel, sand, epoxy and lead

Material Model Properties
Steel General elasticity [48] E=210GPa
v=0.3
General plasticity [40] 0y=235MPa
Sand General elasticity [49][50] E=85MPa
v=0.3
Epoxy General elasticity [51] E=1038MPa
v=0.35
General plasticity [52] oy=15.8MPa
&y=1.07%
0y=26.5MPa
&y=2.9%
Lead General elasticity [44] E=18GPa
v=0.43
General plasticity [7] ay,=10MPa

4.2 Model meshing

Hex shape element was used to mesh all components in elastomeric bearing models. C3D8R
element, namely reduced integration linear hexahedral solid element with eight-node and three
degree of freedom under hourglass control was used to model steel shims, steel core, top and
bottom plate, epoxy and lead. On the other hand, C3D8RH element, namely reduced integration
linear hexahedral solid element with eight-node and three degree of freedom under hourglass
control and hybrid with constant pressure was implemented for rubber layers. Linear triangular



prism with six-node and three degree of freedom (C3D6) element was implemented for sand
mass.

(a) Unloaded condition (b) Deformation during cyclic shear test
Fig. 5 Proposed elastomeric bearing during finite element simulation

4.3  Loading and interaction
Both benchmark LRB and proposed elastomeric bearings were tested in accordance with the
requirement stated by AASHTO. Article 13.3 of the AASHTO guideline was referred when
planning for the test programme [53]. Three fully reversed cycles of shear were applied on the
bearing alongside with compression. In present study, the design compression was 180kN and
the total design displacement TDD was set as 30mm.
The design axial load was applied to the centre of top face of top cover plate as concentrated
load. All nodes on the top face were connected to the loading point via beam type multi-point
constraint, which is available in ABAQUS [42]. Design lateral displacement of 30mm was
applied as cyclic lateral displacement at the loading point. Three sinusoidal cycles of horizontal
displacement were defined and applied laterally, with the frequency of 0.0566Hz, or 0.349rad/s
in circular frequency (Fig. 6).

40

30

20

Amplitude (mm)
I (=)

-30
-40
Time (s)
Fig. 6 Sinusoidal lateral displacement cycles applied during finite element simulation

The axial load was exerted in the first step of analysis while the cyclic lateral displacement was
applied in the second step. The axial load was propagated to the second step, simulating the
combination of axial load and lateral displacement during cyclic shear test.

The soffit of bottom cover plate was defined as encastre, where the displacement and rotation
of all nodes locating on this face were not allowed. This boundary condition was established
prior to the analysis.



The bond between steel shims and rubber layers was usually formed through vulcanization.
This process involved heat and pressure, and eventually formed the elastomeric bearing as a
single unit. This adhesion was defined using tie constraint [54]. The core was expected to stay
intact throughout the test. Therefore, the connection between bottom cover plate and steel core
was established using tie constraint. Tie constraints was established for the contact interface
between cover plates and outer rubber layers as well, given the ability of restraining ring to
hold the bearing in place.

For ECRB, adhesion between elastomeric bearing components and the epoxy formed. For
SCRB1 and SCRBZ2, the tangential contact can be modelled as rough where no slippage of the
contacting surfaces is allowed [55]. Moreover, contact in normal direction was expected to be
hard where no penetration was allowed. The sand mass was expected to move together with
the elastomeric bearing and stay in contact with the bearing components. Therefore, no
separation between sand mass and bearing body was considered. Based on these justifications,
the contact between elastomeric bearing components and filler was established using tie
constraint, which simplified the contact behaviour above and optimized the analysis runtime.
Tie constraint was used to describe the interaction between lead core and contacting
elastomeric bearing components as well [44].

4.4  Simulation results

Characteristics of an isolation system are usually described using effective stiffness Kes,
damping ratio &, characteristics strength Q and post-yield stiffness, kq. These parameters were
derived from the lateral force-displacement curve obtained through cyclic shear test. The
calculation methods for these characteristics are presented in Egs.(4), (5), (6) and (7) [44][8]:

E,—F
kepr = ——
s @
~ 2EDC
Thopr (dp = dn)” -
5
1
Q =5(Qp — Q)
(6)
k _1 Fp_Qp_Fn_Qn
T2\ d, dy
(")

Where dp and d, are the maximum positive and negative displacement applied throughout the
test. Fp and Fn are the force corresponding to dp and dn, respectively. EDC is the total energy
dissipated in every cycle, which is determined by measuring the hysteresis loop area from
lateral force-displacement curve. Qp and Qn are the positive and negative intersection of the
curve and vertical axis. Fig. 7 shows the graphical definition of the parameters and
characteristics that can be determined from a lateral force-displacement curve.

In present study, the third loop of the cyclic shear test result was used to determine the
characteristics of elastomeric bearings.
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Fig. 7 Parameters and characteristics of elastomeric bearing in lateral force-displacement
curve

Based on finite element analysis, the improvement in terms of ket was shown for all bearings
with core-and-filler system when compared to LRB. Among them, the improvement was the
greatest for SCRB2 i.e. 32.0% and the smallest for SCRBL1 i.e. 3.2%. In terms of EDC, the
performance of bearing weakened when sand filler wis used, as seen from the reduction of 7.8%
and 12.1% for SCRB1 and SCRB2 respectively. Conversely, by using epoxy the EDC is
predicted to improve by 9.1%. ¢ decreased for all proposed bearing by different degree, from
the -10.6% for SCRBL1 to -33.4% for SCRB2. Simulation predicted decrement of Q for bearing
with sand filler, and improvement for epoxy filler. Negative kq value was predicted for LRB,
indicating the reduction in resistance of elastomeric bearing with increasing stroke was
anticipated.

When compared to LCRB, bearings with full filler height showed improvement in terms of Ketr,
with the greatest improvement of 15.4% by SCRB2. Partially filled bearing on the other hand,
did not prove itself to be a good alternative to LCRB in terms of stiffness. Nonetheless,
replacement of lead core with full sand brought deterioration in EDC by 2.4%, while others
showed improvement by 2.4% and 21.1% for SCRB1 and ECRB respectively. Similar trend
was identified for & where both SCRB1 and ECRB led to improvement of 13.6% and 6.8%,
while SCRB2 brought reduction of & by 15.3%. LCRB possessed higher Q compared to
bearings with sand filler, but not for epoxy. The characteristics of elastomeric bearings based
on numerical analysis result is shown in Table 5.

Table 5 Characteristics of elastomeric bearings from finite element analysis results

Model LRB LCRB SCRB1 SCRB2 ECRB
dp (Mm) 30 30 30 30 30
dn (Mm) -30 -30 -30 -30 -30
Fp (kN) 3935 452.2 405.2 522.5 509.7
Fn (kN) -381 -434.4 -393.8 -499.7 -495.3
Qp (kN) 4185 401.2 391.2 379 454.1
Qn (KN) -418.3 -401.7 -390.7 -380.6 -453.7
EDC (kNmm) 41105.3 37026 37895.6 36143.1 44841
ket (KN/mm) 12.91 14.78 13.32 17.05 16.76
(%) 56.34 44.33 50.35 37.55 47.36
Q (kN) 418.4 401.5 390.9 379.8 453.9

Ka (KN/mm) -1.04 1.40 0.29 4.38 1.62
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Fig. 8 Comparison of hysteresis loop obtained from finite element analysis for elastomeric
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5.0 Experiment

Experiment was conducted based on the loading conditions simulated during finite element

simulation. Three model prototypes were manufactured and tested, and the experimental results
were extracted and analysed.

5.1 Experimental setup

The top and bottom cover plates of bearing were welded to two different loading plates which
dimension fits in the testing machine. Four 45mm diameter steel rods were placed on the top
of loading plate and served as roller. Two steel cuboids were welded to two opposite edges of
top loading plate to retain the roller and prevent them from dropping out of the loading plate
during the test. The function of roller was to ensure the top of tested bearing is free to move
along the direction of applied displacement while being compressed. The rolling resistance to
the stroke due to roller was negligible. Three dynamic actuators were used, where one of them
was tasked to applied compression of 180kN on the elastomeric bearings and two of them were
tasked to stroke the top loading plate by 30mm back and forth. Fig. 9 shows the setup for
experiment, while Fig. 10 demonstrates the loading mechanism for the conducted test.

A linear variable differential transformer (LVDT) was used to measure the lateral displacement
of top loading plate. The loading rate for bearings was 0.0556Hz or 6.7mm/s. In relation to that,

the test duration for bearings was 54s. Refer to Fig. 11 for the bearing condition during
throughout the test.
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Fig. 9 Test setup for cyclic shear test
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5.2 Experimental results

The bearing characteristics were determined using Egs.(4), (5), (6) and (7). Generally, the
stiffness kes, characteristics strength Q and post-yield stiffness kq of LRB improved when core-
and-filler system was introduced. When comparing the performance of all proposed
elastomeric bearings with benchmark LRB, SCRB2 was found giving the greatest
improvement among on elastomeric bearing stiffness. Its improvements in ket and Q were 21.5%
and 24.2% respectively. On the other hand, ECRB showed least improvement for ke at 5.9%,
but with intermediate level of improvements for Q when compared with SCRB1 and SCRB2,
which was 7.7% respectively. The improvement in Kq is the most significant comparing to all
the bearing characteristics. Such improvement ranging from 37% for SCRB1 to 57.7% for
SCRB2. The damping ratio ¢ for LRB decreases when core-and-filler system was introduced,
by up to 5.9% as seen in SCRBL1. The result from experiment is shown in Table 6. Fig. 12
shows the lateral force-displacement curve from experiment.

Table 6 Characteristics of elastomeric bearings from experimental results

Model LRB SCRB1 SCRB2 ECRB
dp (mm) 31 31.9 32.4 32.1
dn (Mm) -30.9 -31.5 -32.9 -32.9
Fp (KN) 410 450 529 459
Fn (kN) -418 -452 -532 -462
Qp (kN) 350 376 444 386
Qn (kN) -399 -415 -486 421
EDC (kNmm) 41917.15 44009.45 54838.8 47921.1
Kett (KN/mm) 13.376 14.227 16.248 14.169
(%) 52.06 48.99 50.38 50.95
Q (kN) 3745 395.5 465 403.5

ka (KN/mm) 1.28 1.75 2.01 1.76
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Fig. 12 Hysteresis loop obtained from experiment for elastomeric bearings

The purpose of validation of finite element models was to determine if the numerical analysis
agrees with the physical concept. Therefore, this process is essential to assess the reliability of
numerical simulation. In present study, the finite element analysis results were validated by
comparing the output with the experimental results presented in previous section. The lateral
force-displacement curves from both experiment and numerical analysis were qualitatively



compared and inspected. Then, deviation from elastomeric bearing characteristics extracted
from both sets of results was calculated.

In general, finite element analysis underestimates the EDC of all elastomeric bearings equipped
with proposed core-and-filler mechanism. Among these bearings, the deviation of ECRB was
the lowest (A=-6.4%). The deviation for SCRB1 and SCRB2 were -13.9% and -34.1%
respectively. On the other hand, EDC for LRB obtained from numerical analysis was in good
agreement with the experimental result.

Kett was underestimated for both LRB (A=-3.5%) and SCRB1 (A=-6.4%), and overestimated
for both SCRB2 (A=+4.9%) and ECRB (A=+18.3%). & derived from the EDC and ke obtained
from finite element analysis was found greater than those from bearing test result for LRB
(A=+8.2%) and SCRB1 (A=+2.8%). Contrary, the value of £ calculated based on the outcome
from numerical analysis was lower than experimental result for SCRB2 (A=-25.5%) and ECRB
(A=-7.0%). Q derived from finite element analysis was found greater than that from experiment
for LRB (A=+11.7%) and ECRB (A=+12.5%). The value is less than the actual result for
SCRB1 (A=-1.2%) and SCRB2 (A=-18.3%).

The error in kg between the results from experiment and numerical analysis was found the
greatest for LRB, SCRB1 and SCRB2, where the deviation was -181.5%, -83.7% and +117.9%
respectively. Such deviation was relatively insignificant for ECRB (A=-7.8%).

Table 7 presents the error between the experimental result and finite element analysis result for
all experimentally tested bearings. Fig. 13 shows the comparison of output from finite element
analysis with experimental results.

Table 7 Comparison of the elastomeric bearings’ characteristics from experiment and
numerical analysis

Model LRB SCRB1 SCRB2 ECRB
EXp. 41917.15 44009.45 54838.8 47921.1
EDC(kNmm) FEM 41105.3 37895.6 36143.1 44841
A (%) -1.9 -13.9 -34.1 -6.4
Exp. 13.376 14.227 16.248 14.169
Keft (KN/mm) FEM 12.91 13.32 17.05 16.76
A (%) -3.5 -6.4 +4.9 +18.3
Exp. 52.06 48.99 50.38 50.95
& (%) FEM 56.34 50.35 37.55 47.36
A (%) +8.2 +2.8 -25.5 -7.0
Exp. 374.5 395.5 465 403.5
Q (kN) FEM 418.4 390.9 379.8 453.9
A (%) +11.7 -1.2 -18.3 +12.5
Exp. 1.28 1.75 2.01 1.76
ka (kN/mm) FEM -1.04 0.29 4.38 1.62

A (%) -1815 -83.7 +117.9 7.8
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6.0 Discussions

The proposed core-and-filler mechanism improves the strength and energy dissipation of
elastomeric bearings. When the superstructure on bearing is moving laterally, the inner face of
elastomeric bearing pushes the filler and activates its function.

When the void is partially filled by coarse sand, ket improves by 6.4% while the EDC improves
by 5.0%. The characteristics strength Q improves by 5.6% on the other hand. This shows the
improvement in energy dissipation is inferior to the improvement in terms of strength. In
SCRBL1, since the sand is free from confining pressure, the shear strength of sand is negligible.
When subjected to lateral force, the counteracting friction developed between interlocking sand
particles is insignificant since the sand particle will choose to move elsewhere and experiences
minimal interparticle friction. Nonetheless, this is only applicable to the sand particles near to
the top level of filler. For particles located at mid-depth and bottom of the mass, they are
considered confined by the self weight of sand mass above. Such confinement may not be
significant, but it is sufficient to lead to a situation where the interparticle friction increases
with depth of filler. Moreover, the confined part of sand mass can effectively transfer the stress
to steel core and activates its shear resistance.

SCRB2 exhibits improvements as much as 30.8% for EDC, 21.5% for ket and 24.2% for Q.
Under fully filled condition, the sand mass is confined by elastomeric bearing body and cover
plates. When loaded axially, the pressure is transferred to sand mass through top cover plate.
As a result, the shear strength of sand mass is greater with the presence of confining pressure,
compared to the partially filled condition in SCRB1. In other words, the contribution of sand
mass to shear strength of elastomeric bearing is more significant than SCRB1. On top of that,
the resistance of steel core is fully activated over the full height of sand-steel core contact
interface, since the sand particles do not move around and always remain in contact with the
steel core entirely.

The difference between SCRB2 and SCRBL1 is the presence of sand mass above the top level
of steel core. This additional sand mass contributes to shear strength using solely interparticle
friction. It is believed that with the presence of this sand mass, the EDC greatly improves and
makes the improvement more superior than that for strength. Therefore, it can be concluded
that steel core mainly contributes to the improvement of bearing strength and stiffness, while
being governed by the sand-steel core contact interface. The shear strength of sand, which is
dependent of the exerted normal stress, does not appear to be a significant contributor to overall



stiffness of bearing. On the other hand, sand mass contributes to energy dissipation via its
internal damping. As seen from SCRB1, the height of sand mass is the same as the height of
core, and the improvements in strength (ke and Q) and energy dissipation are consistent,
ranging from 5.00% to 6.36%.

In ECRB, the improvement in EDC is superior to that in ker. When compared to SCRB1 and
SCRB2, it shows epoxy provides less stiffness to elastomeric bearing, and this shows epoxy
has higher flexibility compared to coarse sand mass. On the other hand, while showing similar
degree of improvement in terms of stiffness with SCRB1, the improvement in EDC is more
obvious for ECRB. This is benefit from the superelasticity and shape memory property of
epoxy.

Core-and-filler system greatly improve the post yield stiffness kq of elastomeric bearing.
Bearing with high kq value exhibits small residual drift, which proves the system efficient in
controlling the displacement of bearing and superstructure. The value of kq is almost the same
for both SCRB1 and ECRB. Moreover, k¢ for SCRB2 is about 14.3% greater than that for
ECRB. This shows coarse sand filler is more effective in controlling the residual drift, where
its half-filled condition is equivalent to the performance of epoxy under fully-filled condition.
Through the cyclic shear test, LRB has higher damping ratio & compared to all bearings with
core-and-filler system. Rubber is proven superior in providing the damping ratio for
elastomeric bearing compared to sand and epoxy. The isolation effect detriments with the
improvement in stiffness, as observed from the increase in ke often accompanied by decrease
in & For LRB, total plan area of rubber is 59395.7mm?, while that for bearings with core-and-
filler system is 54978mm?, which is around 7.4% less than that for LRB. As a result, the
reduction in damping ratio for SCRB1, SCRB2 and ECRB are 5.9%, 3.2% and 2.2%
respectively. While the trade-off is inevitable, it shows SCRB2 performs better and more
efficient than other bearings, with an improvement of 21.5% in terms of ker, while having only
3.2% of reduction in ¢,

Among three types of core-and-filler system, epoxy filler possesses highest damping ratio
(50.95%), where the reduction from LRB is 2.2%. From this perspective, the epoxy filler-and-
core system is more suitable for seismic isolation purpose. However, post-test condition of
ECRB is inspected and damage can be observed on the top of filler (Fig. 14). Thus, epoxy filler
is subjected to deterioration over time and the performance of elastomeric bearing is expected
to drop over time. On the other hand, sand mass which consists of granulates is not susceptible
to damage under compression and shear. The granulates are too stiff to deform, yet free enough
to move along with the elastomeric bearing.

When bearing is compressed, the stress applied to sand mass and make it tightly packed. When
lateral displacement is applied, the movement reshuffles the arrangement of granulates. The
compaction-reshuffle cycle grants sand mass restoring ability that enables it to perform
consistently over long time. Moreover, the ability is only activated when needed e.g. upon the
movement, and this minimize the frequency of abrasion between granulates and with other
bearing components. Knowing the grinding and crushing of granulates and abrasion on the
steel and rubber component may deteriorate the performance of bearing, by reducing the
unnecessary movement and abrasion, the service life span of elastomeric bearing can be
prolonged.

The maintenance of core-and-filler system is either the replacement of filler or steel core. To
conduct either replacement for a system with epoxy filler, effort is required to remove the
hardened epoxy. Moreover, the bearing is not fit for duty immediately after maintenance as the
curing of epoxy takes time. When sand filler is used, the maintenance is more convenient and
require less effort than using epoxy as filler. In the event of steel core replacement, the original
sand filler can be reused.



Fig. 14 Damage observed on the top of epoxy filler

Hyperelastic and hysteresis properties of rubber obtained from trial and error is adequate. This
can be seen from small deviation for both ket and EDC when comparing the results for LRB
obtained from finite element analysis with experiment.

However, imperfection is observed from the hysteresis model proposed by Bergstrom & Boyce
in describing the rubber material in tested elastomeric bearing. As opposed to experimental
results, the magnitude of Qp is greater than Fp, and the same trait is observed for Fn and Qn. As
a result, negative kq value is obtained for LRB. Due to the overestimated Q, and Qn, the value
of Q for LRB is overestimated. Such inaccuracy of finite element analysis may due to the
mechanical properties of chloroprene rubber, where its unloading behaviour is less time
dependent [56]. As a result, the predicted hysteresis curve shows good agreement during
loading stage, but relatively poor agreement during unloading stage, as shown in Fig. 15.
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Fig. 15 Hysteresis behaviour for LRB in the view of loading and unloading stages

Elastoplastic model for epoxy is suitable as seen from small deviation in terms of EDC. The
stiffness and characteristics strength of ECRB is overestimated, indicating the actual material



is weaker than the properties defined during finite element analysis. The deviation between kg
is negligible and there is no sign of negative stiffness value as observed from LRB. This is due
to the definition of epoxy simply as an elastoplastic material, where the material improves the
strength of ECRB without worsen the imperfection in hysteresis material model, comparing to
LRB. The definition of sand as elastic model, alongside tie constraint is suitable in producing
satisfying finite element analysis result. By considering only elastic properties of sand, the
strength of elastomeric bearing can be described properly, which can be observed from
deviations in terms of kess for both SCRB1 and SCRB2. The adequacy is better when compared
to epoxy, where the deviation in terms of kef is greater. Nonetheless, by neglecting the plasticity
behaviour of sand, the numerical analysis will not take the hardening of stressed sand into
account, and this leads to significant underestimation in terms of EDC. This can be seen from
the resultant hysteresis curves shown in Fig. 8, where the hysteresis curve is almost identical
for all cycles, as opposed to ECRB where noticeable difference for each cycle presents,
denoting the effect of plasticity definition in epoxy material.

This effect is more obvious when large amount of sand is modelled, as seen from SCRB2.
Similar as ECRB, the numerical analysis yields positive kq value for both SCRB1 and SCRB2,
although the accuracy is poor compared to ECRB. kq for SCRBL1 is nearly zero, indicating small
effect from the replacement of rubber with pure elastic sand in producing correct bearing’s
hysteresis behaviour that produces proper kq value. On the other hand, there is too much of
such effect in SCRB2 that ends up with hugely overestimated Kg.

Based on the result obtained, the improvement of accuracy in terms of any of two commonly
used elastomeric bearing characteristics i.e. kesr and EDC, often require trade-off from the other.
On the other hand, by the definition of &, its deviation comes from the amplification of error
from kef and EDC. Nonetheless, the shape of hysteresis curves produced by finite element
models were showing good agreement with that from experimental results, given the accurate
loading stage prediction that yields fairly accurate ke, which is one of the most important
parameters that used to idealise the stiffness component of elastomeric bearing during
structural analysis [57].

7.0 Conclusions
In the present study, an attempt has been made to develop an innovative laminated rubber
bearing base isolator by utilizing the steel core and granular and shape memory polymer filler
system. For granular filler, silica sand was used, and two types of filling condition viz partially
and fully filled were considered to evaluate the performance. However, for shape memory
polymer, epoxy resin was fully filled in the core-and-filler system.
The finite element model was developed for the proposed elastomeric bearings to simulate their
behaviour under the testing condition. Thereafter, based on numerical analysis results,
prototype of developed LRB isolators manufactured and its performance experimentally tested
by applying cyclic load and the outcome was compared with the benchmark LRB for
comparison purpose. Then, the analysis models were validated using experimental results to
determine their reliability in predicting the behaviour of bearings.

From the conducted finite element analysis and experimental test, the following findings are

drawn and summarized:

1. Finite element analysis proves the replacement of lead with full height filler brings
improvement in effective stiffness, i.e. 15.3% and 13.4% for SCRB2 and ECRB. Use of
epoxy also showed improvement in energy dissipation by 21.1%.

2. The proposed core-and-filler system can be introduced as an effective high performance
LRB device, as seen from the improvement in terms of bearing performance with the
minimum of 6.4% and 5.0% for effective stiffness and energy dissipation capacity,
respectively. This may lead to more economical bearing design.



The shear stiffness of elastomeric bearing with fully height sand and steel core is superior
to all tested elastomeric bearings. The improvement in shear stiffness by 21.5% is
significant while the drawback in the form of reduction in damping ratio by 3.2% is small,
when the fully height sand was implemented in LRB.

Epoxy filler is susceptible to irreversible damage when operate in long term. On the other
hand, sand filler is anticipated to perform consistently as the granules are too stiff to deform
and the entire sand mass possesses restoring ability whenever it is subjected to combined
compression and shear.

Rubber is superior in providing damping for elastomeric bearing, in comparing to sand and
epoxy with steel core. This can be seen from the reduction in terms of bearing damping
ratio after proposed core-and-filler system is introduced. The damping ratios are 48.99%,
50.38% and 50.95% for SCRB1, SCRB2 and ECRB respectively, in opposed to 52.06%
for benchmark LRB.

Replacement of lead core with fully filled granular and shape memory filler improves the
shear stiffness of bearing. Improvement of 15.4% and 13.4% is achieved by SCRB2 and
ECRB respectively. This proves the device is more effective in limiting the displacement
of elastomeric bearing when it is subjected to lateral load.

Imperfection is identified in the hysteresis model when describing the behaviour of rubber
in the tested elastomeric bearings. This is seen from the overestimation of Qp and Qn, and
the underestimation of Fp and F, for LRB which yields negative post yield stiffness. This
is due to the time-independent properties of chloroprene rubber during unloading, which is
not accurately simulated during finite element analysis. As a result, for bearing where its
stiffness is heavily relies on the rubber i.e. LRB, the post yield stiffness is -1.04kN/mm. On
the other hand, the issue is not seen for bearings that are not heavily rely on the rubber to
gain stiffness, where the post yield stiffness calculated is 0.29kN/mm, 4.38kN/mm and
1.62kN/mm for SCRB1, SCRB2 and ECRB respectively.

Linear elastic model and tie constraint with other elastomeric bearing components is
suitable in predicting the behaviour of sand in the proposed core-and-filler system.
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