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Abstract

In the present study, a new core-and-filler system was proposed to use in elastomer bearings
as a substitution to hazardous lead core while improving the performance of base isolators. The
proposed system utilizes steel core and filler consists of either granular or polymer materials
in relation to this proposal, both pure sand and epoxy are used as filler. Special design
procedure for the proposed bearing was developed to determine the required dimension for
elastomeric bearing under considered design loads according to the code of practice.

The finite element model of the designed elastomeric bearing was developed to evaluate
performance of the proposed bearings under design condition through nonlinear dynamic
analysis. Then, parametric study was conducted to simulate various material properties and
loading conditions that may occur during the manufacturing and service life of base isolation.
Substantial improvement in performance of proposed bearing with core-and-filler system was
observed in comparison to the lead rubber bearing. By reducing the volume of sand filler, the
damping bearing of proposed sand and steel core mechanism can be improved. By
manipulating the sand packing condition during manufacturing, improvement in term of
effective stiffness is achievable. Trilinear constitutive curve for fully sand filled bearing
revealed that, the increment in effective stiffness of bearing is higher for the shear strains more
than 150%. Therefore, the core-and-filler system with full sand filler provides superior
resistance against high shear strain in comparison to the lead-core rubber bearing, and achieve
the purpose of limiting lateral displacement.

Application of proposed elastomeric bearings in the 5-story building as base isolator has been
proven the effectiveness and suitability of implementing bearing with core and fully filled sand
and also with epoxy filler as alternative isolator to the lead core elastomer bearings.
Keywords: Elastomeric bearing, laminated rubber bearing, lead rubber bearing, core and filler
system, sand, epoxy resin, finite element method, time history analysis

1.0 Introduction

Base isolation system emerged as one of the most matured seismic protection technologies.
The most notable form of such technology is laminated rubber bearing (LRB) [1]. Equipped
with alternating rubber layers and reinforcing steel shims, the device not only absorbs the
impact, but also achieve structural isolation in the event of ground motion, while dissipate
energy at the same time [2][3][4][5].

Efforts have been made on the innovation of base isolator to achieve greater improvement.
Among those innovation, lead-core rubber bearing (LCRB) introduced by Robinson in year
1982 brought significant influence on the technology. Utilizing the recrystallization of lead in
room temperature and its low yield strength i.e. 10MPa, continuous yielding and restoring
process is exploited and this grants the LCRB superior damping. The addition of lead simply
improves the stiffness of elastomeric bearing too [6][7]. Another notable bearing in research is
fibre-reinforced rubber bearing (FRRB), introduced as early as year 1992. Rather than using
steel plates, FRRB uses fibre reinforcement material (FRP) and significantly reduces the weight
of bearing and manufacturing cost. The resistance of FRRB is provided through contact friction
between FRP and rubber layers [8]. FRRB is compatible with recycled rubber and this reduces
its manufacturing cost. The inferiority of recycled rubber in terms of the mechanical properties
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is overcame by using unbonded configuration, where the bearing is allowed to roll off under
shear, and thus avoid the production of high tensile stress in rubber layers [9].

Matsushita, Fujisaki and Sasaki proposed peripherally restrained bearing (PRB), which added
a synthetic rubber core to LRB [10]. Other than using FRP, Li et al. explored the feasibility of
replacing steel shims in a conventional rubber bearing with steel mesh [11]. In some studies,
shape memory alloy is introduced to bearing as external bracing, and the improvement has been
proven satisfying [12][13].

Tan et al. proposed core-and-filler mechanism as an improvement to the conventional
elastomeric bearing. The implementation of steel core and filler has been proven effective in
improving the shear strength and energy dissipation of bearing, while bringing reduction in
terms of damping. The researchers remarked that system with fully filled sand is the most
favourable mechanism as the improvement achieved was the highest, while the decline in
damping is insignificant [14].

Among the discussed base isolator variations, both LRB and LCRB has significantly high
implementation compared to others. Alongside the wide implementation, major drawbacks
were identified. For LRB, there is no mean for the device to control the lateral displacement,
instead the dimension and specification of bearing is designed based on the estimated force and
allowable displacement. In the event of unpredictable scenario, large force may be applied and
causes the device to deform largely. When subjected to large strain, rubber hardening occurs,
and the device begins to lose its flexibility. As a result, the isolation capability of device
deteriorates, and this allows greater amount of force to be transferred to superstructure. The
structure might be at risk with these extra forces that are not foreseen during the design stage
[11][15]. When elastomeric bearing performance deteriorates, large deformation happens, and
the structure might face global stability problem. Unseating failure occurs and consequently,
the structure may collapse or topple over [16]. The drawbacks of the LCRB are on the
sustainability aspect. Lead is proven a hazardous material that brings soil contamination that
may persist for centuries [17][18]. Lands that involved in lead-related purpose such as mining,
manufacturing, and recycling are harmful to the health of people reside in it or nearby it without
proper mitigation [19][20].

There are several factors that influence the performance of an elastomeric bearing. The most
notable effect is the geometry of elastomer in use. It is usually described using secondary shape
factor Sz, which is the ratio of elastomer’s plan width to thickness [21][22]. The shape factor
governs the failure mode of bearing under compression and shear. For stocky bearing where S
is greater than 2.5 to 3, the failure of bearing is governed by shear. On the other hand, the
failure mode of slender bearing with S; less than 2.5 is governed by buckling [22][23].

For LCRB, the factor that mainly influence the performance of bearing is lead core instead of
rubber. The larger the diameter of lead core, the greater the stiffness of LCRB. Other than
geometry of lead core, the performance of LCRB is also affected by temperature, loading
history and aging condition [24][25]. Similar to LCRB, the performance of PRB is also
dependent of rubber core, especially in terms of damping [26].

For FRRB, restraint condition governs the behaviour of bearing. When FRRB is fully bonded,
where steel plates present at the top and bottom of bearing, the shear stiffness of bearing is
superior to the unbonded variant [27][28]. Unbonded FEEB usually rollover and exhibit
rotational deformation upon lateral loading [29]. Other than that, the performance of FRRB is
also influenced by its geometry [30].

Loading conditions were identified as another group of influencing factors for elastomeric
bearing. Among them, exerted compression, shear strain and loading frequency are some of
the most notable factors [11].

The study of the behavior of elastomeric bearing, and relevant parametric study can be
performed using finite element modeling, although recent phenomenological approaches can



be employed to drastically reduce the computational times without affecting the results
accuracy [31][32][26]. Challenges were encountered when modelling the constituent material,
rubber. Modelling of rubber material is usually conducted by using hyperelastic constitutive
models with experimental result for uniaxial, biaxial and planar extension tests [33]. Several
researchers provided sets of test result, such as Treloar (1944), Rivlin and Saunders (1951),
Jones and Treloar (1975), Vangerko and Treloar (1978) [34][35][36][37]. These results are
often treated as classical experimental result. On the other hand, several studies were conducted
to develop hyperelastic constitutive model and attempt to fit the classical experimental results
with those models. Some of these notable models are developed by: Ogden (1972), Arruda &
Boyce (1993) and Caroll (2011) [38][39][40].

The effectiveness of hyperelastic models was inspected through numerical analysis of
elastomeric bearings. Simple model such as neo-Hookean model was remarked as unreliable
when large lateral displacement was applied to the simulated bearing, and this is mostly due to
the neglection of rubber stiffening that takes place when large shear strain occurs [41]. In other
words, the model is deemed reliable when small strain is applied, which caused the rubber to
stretch with ratio of 1.5 or less [42]. For other hyperelastic models, it is worth noting that
Mooney-Rivlin model faces same issue with the neo-Hookean model, in terms of its deficiency
in simulating the stiffening of rubber due to huge shear deformation [43]. Kalfas, Mitoulis &
Katakalos on the other hand, concluded that Ogden model produces accurate simulation of the
behaviour of natural rubber [44].

Modelling of granular material is commonly conducted using discrete element modelling
(DEM) This method was introduced by Cundall and Strack [45], and it is usually implemented
in research simulating the sand behaviour under various strength tests [46][47]. The major
drawback of discrete element modelling is computational cost, where long analysis runtime is
required [48][49][50]. Alternatively, the mass of granular material may be modelled as
continuum. In relation to that, the sand behaviour can be described by using model considering
only elasticity, such as general elastic or porous elastic. More sophisticated models such as
Mohr-Coulomb and Drucker Prager are added on to simulate the plastic behaviour of sand mass
[51].

In the present study, a new rubber elastomer bearing with steel core and filler system consists
of granular or polymer filler is developed as an alternative system to lead core bearing isolators.
The pure sand is implemented as granular filler and epoxy is used as polymer filler. The
performance of proposed elastomeric bearings was assessed by comparing its performance with
lead rubber bearing through finite element simulation. Then, a design workflow for elastomeric
bearing equipped with core-and-filler system that complies with the referred design standard is
proposed to determine required dimension of bearing components based on considered design
loads.

Thereafter, the parametric study is performed to determine the hysteresis behaviour of proposed
elastomeric bearings under various material properties and loading conditions. Subsequently,
the application of elastomeric bearing with the proposed core-and-filler mechanism in a 5-story
structure is simulated and the structural response under applied ground motion is studied and
compared with the fixed base structure.

2.0 Development of Elastomeric Bearing with Granular and Polymer Filler Mechanism
In this study, a new elastomeric rubber bearing with steel tube core, alongside both granular
and polymer filler mechanism has been developed as an alternative to lead core bearings which
nowadays considered as toxic material.

The filler is the primary contributor to the stiffness and energy dissipation of elastomeric
bearing. Two types of mechanisms are used as filler in the proposed bearings:



i.  The first mechanism seeks resistance from filler mass through friction between
interlocking granulates. This mechanism requires the filler to be made of granular
material i.e. pure sand. The addition of large particle such as gravel has been proven
bringing insignificant improvement to the shear strength of sand mixture, and without
gravel the abrasivity of contacting components can be minimized [52][53][54].

ii.  The second mechanism adopts epoxy resin, a type of polymer that is commonly
implemented in construction industry such as pavement engineering, where the binder
mixed with epoxy resin has greater resilience compared to untreated samples [55][56].

The steel core is added to strengthen the filler in the proposed elastomeric rubber bearing. A
gap is presented between the steel core and the interior of elastomeric bearing body. When the
bearing is subjected to large stroke and causes the contact between steel core and bearing body,
the resistance of steel core is deployed. This makes further stroke harder to achieve without
adding more force. Fig. 1 shows the proposed elastomeric bearing equipped with core-and-
filler system, and its behaviour under different situations.
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Fig. 1 Behaviour of core-and-filler system under various loading conditions

3.0 Development of Design Process for Proposed Elastomeric Bearing

In this research work, the required dimension of elastomeric bearing for considered design load
is determined through a series of design steps that comply with the code of practice adopted in
European industry, namely EN 1337-3. Structural bearings Part 3: elastomeric bearings [57].
During design stage, the filler properties are excluded. The dimensions of bearing components
are determined solely based on the properties of rubber and steel, and design loading condition.
Therefore, in this research, a special design process has been developed for the elastomeric
bearing body that is compatible to core and filler system in accordance with EN1337-3: 2005.
The developed design process is demonstrated step by step in follow and illustrated in Fig. 3:

1. Setthe design axial load, Fy and total design displacement, TDD. The design axial load
usually considers dead load and live load transferred from superstructure to the
interested location where bearing sits. TDD on the other hand, can be determined from



either relevant code of practice or other considerations. In this study, the design axial
load is 180kN, while the maximum displacement is set as 30mm.

2. Determine the shear modulus of rubber, G from Table 1, EN1337-3: 2005. It is
recommended to be 0.9MPa based on the code of practice.

3. Identify the maximum bearing diameter, ¢, based on superstructure geometry and site
constraints. This dimension should take the constructability into account. In this study,
the overall diameter of bearing is taken as 275mm.

4. From TDD and ¢, determined in step 1 and 3 respectively, calculate the width of
peripheral elastomeric bearing body, Wr by using Eq.(1). The bottom diameter of core,
¢ por Can be set as any value that is less than two times TDD. It was taken as 0.5TDD
in the present study to allow sufficient room for filler.

Non-prismatic profile was proposed for steel core. The diameter of core reduced from
15mm at the bottom to 10mm at the top, where the core stem body sloped at a rise to
run ratio of 14:1.

¢p — 2TDD — P por 275 —2x30—15

=1
W, > > 00mm

1)

5. Determine the plan area of at rest bearing, A and reduced effective area of bearing, Ar
when it is displaced with the magnitude of TDD using Egs.(3) and (4). The diameter of
void, ¢yoiq = 2TDD + ¢ por- EQ. (4) is derived from c¢l.5.3.3.2, EN1337-3: 2005
considering the bearing is displaced in only one direction.

Gvoia = 2TDD + ¢ por = 2 X 30 + 15 = 75mm

)
i+ 2W,)% — )’ 75+ 2 x 100)? — (75)?
A=1X (¢v01d 7;3 (d)vmd) - X ( . ) ( ) — 54977 .87mm>
TDD 30 ©
A=A (1 — —) = 54977.87 X (1 — —) = 48980.28mm?
Dvoia + 2V, 75+ 2 x 100
(4)

6. Set the number and thickness of rubber layers (nr, tri and tr,), steel shims, (ns and ts)
and cover plates (Ttwp and Tnot). The layer geometry should consider the space constraint
due to structural design in terms of the gap allowable between the soffit of
superstructure and top of substructure. The value of ts should not be less than 2mm, in
accordance with cl.4.3.3.1, EN1337-2: 2005.

Calculate the total thickness of rubber, T;. In any case, the shear strain should not exceed
the limit stated in code of practice, which is 1 in accordance with cl.5.3.3.3, EN1337-
3: 2005.

The thickness of cover plates (Twp and Thot) Should be calculated alongside with the
connection design as per relevant code of practice, as this dimension may affect the
connection strength, such as bearing resistance for bolt group.

In the present study, the thickness of steel shims and inner rubber layers is 3mm. 2 nos.
outer rubber layer of 4mm thickness are provided, in addition to 9 nos. inner rubber
layer. 10 nos. of steel shims are placed alternately with these rubber layers.

7. Determine the allowable pressure, Pai using Eq.(8), as per cl.5.3.3.6, EN1337-3: 2005.
The shape factor for thickest elastomer layer, S’ should only refer to the dimension of
the thickest layer, as per cl.5.3.3.1, EN1337-3: 2005. Then, determine the pressure



8.

exerted on elastomeric bearing due to compression, Py using Eq.(9). The value of A and
Fv are from step 5 and 1 respectively.
P =1 X [(oia + 2W;) + (Puoia)] = 7 X [(75 + 2 x 100) + (75)]

= 1099.56mm
)
4 torr <3
o) PXte’ s __ 5497787 ...
B A T 109956 x 1.4 x4
—'teff = 3
P x 14‘teff
(6)
. A 54977.87 143
 PxT, 1099.56x35
(7
2QW. + ¢,,14)GS’  2(2 x 100 + 75) x 0.9 x 8.93
all = W, n:pvmd) = ( ) = 42.1MPa
3% trk 3 x35
(8)
P —F”—180X103—328MP
v =4 " 5497787 @
9)

If the value of Py is greater than Pai, go back to step 6 and reduce the thickness of rubber
layers i.e. trj and tr, to achieve smaller elastomer thickness. Otherwise, proceed to step
9.

In this study, this criterion is fulfilled.

Determine the height of steel core, Hcore that allows the bearing to settle under
compression without allowing the contact between core and cover plate.

In accordance with cl.5.3.3.7, EN1337-3: 2005, the vertical deflection of bearing under
design load can be first calculated, and Hcore Should equals to the difference between T,
and the calculated deflection.

However, it has been stated in the referred standard that 25% of variation may occur,
and this needs to be taken into consideration. By allowing extra 5mm of vertical
deflection as safety margin, Eq.(10) is produced and used to estimate the maximum
vertical deflection attained.

In this study, 30mm allowable vertical deflection is adopted and therefore, the height
of core is 35mm, as calculated in Eq.(11).

EYY trw EXT to.
Dy > 1.25(2=k=1 T v &k=1 T 5
tim = ( 5AGS? AE, )™
b 1 180 x 103 x 35 , 180X10°x35 )
lim = 149\ 55 4077.87 x 0.9 X 1.432 | 54977.87 x 2000/ O

Diyjm = 30mm = 20.6mm
(10)

Heore = (T, + ngts) — Djj = (35 4+ 10 X 3) — 30 = 35mm

(11)



10. Determine the plan dimension of cover plates (Ltop, Wtop, Lbot and Whot) based on the
design constraints identified in step 3. These dimensions are taken as 325mm.

Refer to Fig. 2 for the definition of key bearing dimensions. The output of the presented design
workflow shown in Fig. 3 is the dimension of elastomeric bearing that is ready to implement
core-and-filler system.
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Fig. 2 Bearing dimensions

4.0 Behaviour of Proposed Rubber Elastomer Bearing with Granular or Polymer Filler
As showed in Fig. 4, three types of proposed bearings were considered to study the behaviour
of elastomer bearing with both granular and epoxy filling mechanism.

The bearing with granular filler with partially filled condition named as SCRB1 (Sand-Core
Rubber Bearing 1) to compare its performance with the same bearing with fully filled condition
which named as SCRB2 (Sand-Core Rubber Bearing 2) in order to assess effect of partially
and fully filler system on overall performance of bearing.

For polymer filler, only fully filled condition is used and named as ECRB (Epoxy-Core Rubber
Bearing).

Therefore, in order to conduct comparable study, a bearing with details as showed in Fig. 5 is
considered. The overall dimension of the bearing is 275mm diameter by 65mm height. 75mm
diameter central void is provided, along with 100mm width ring-shaped elastomeric bearing
body. The height of filler as 35mm and the top of sand filler flushed with the top of steel core.
The volume of filler for fully filled and partially filled conditions were 282,694mm? and
150,158mm? respectively.

The performance of proposed elastomeric bearings is compared against conventional laminated
rubber bearing (LRB) and lead-core rubber bearing (LCRB) with the same diameter and height.
For LRB, void is not presented at the centre of bearing body, while for LCRB the void is
plugged with 75mm diameter lead core.

Study about behaviour of above-mentioned bearing has been made through numerical
simulation via the finite element method which the details are demonstrated in the next sections.
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Fig. 3 Design workflow developed for proposed elastomeric bearing
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Fig. 5 Dimension of components in elastomeric bearing equipped with proposed core-and-
filler system

5.0 Finite Element Modelling of Considered Bearings

As mentioned in the previous section, as showed in Fig. 4, all following proposed bearings
with core-filler mechanism and also conventional bearings as benchmark for comparison the
results are considered to study using finite element method:

(i) SCRBL1: Sand-Core Rubber Bearing with partial filling condition
(i) SCRB2: Sand-Core Rubber Bearing with fully filling condition
(iii) ECRB: Epoxy-Core Rubber Bearing

(iv) LRB: Laminated Rubber Bearing

(v) LCRB: Lead-Core Rubber Bearing



The ABAQUS software was used to develop finite element models of mentioned elastomeric
bearings. Simulations were conducted on the developed models which the geometry details
have been demonstrated in Fig. 5, and then their analysis outputs were extracted for data
processing and interpretation.

5.2 Material properties
This section presents the definition of the mechanical properties for all material used in the
developed elastomeric bearing model in simulation via finite element method.

5.2.1 Rubber

During the design stage, the shear modulus of rubber was taken as 0.9MPa, where 0.15MPa of
tolerance was allowed [57].

Rubber exhibits linear stress-strain relationship under small strain. On the other hand, the
relationship becomes non-linear when it is subjected to large strain. This can be observed from
uniaxial test result for rubber, such as one conducted by Treloar [34]. Nonetheless, despite
under behaves in non-linear fashion, the material remains elastic and ready to restore to its
original shape upon unloading.

This behaviour of rubber is governed by hyperelastic model, while considering the material
itself to be isotropic. Among the various hyperelastic model offered in ABAQUS [58], 3" order
Ogden model was implemented for its accuracy [44]. Eq.(12) presents the strain-energy
function W defined in 3 order Ogden model [58]:

_ 3 zlu'l 243 a; a;
w = — A+ 25T+ 251 = 3]
i=1 @
(12)
In Eqg.(12), principal stretches of rubber are represented by 11, 22 and As. Material constants i
and «; are the parameters that define the behaviour of rubber under loading. The material

constants adopted in this study are shown in Table 1 [59].

Table 1 3" order Ogden hyperelastic model parameters defined for rubber

u a
1 0.3326 2.4466
2 0.3326 2.4466
3 0.3326 2.4466

The shear modulus, Go of the is 0.9978MPa, which is within the allowable tolerance of
0.15MPa from mean value of 0.9MPa. Refer to Eq. (13) for the determination of Go [58]. As
remarked by Altalabani et al. (2021), Mullins effect was neglected to simplify the analysis [60].

N
Go = Z u; = 0.9978MPaq
i=1

(13)

The initial bulk modulus Ko was taken as 2000MPa [57]. Poisson’s ratio, v is as calculated in
Eq. (14), knowing the value of Go is 0.9978MPa [58]:

_ 3Ky/Gy—2 3(2000/0.9978) — 2

VT 6K, /Go + 2 6(2000/0.9978) + 2

= 0.4998
(14)



High v is produced from high Ko/Go ratio, and this indicates the compressibility of rubber is
negligible comparing to its flexibility under shear. Therefore, rubber is treated as
incompressible material.

Another important characteristic of rubber is energy dissipation through damping. In numerical
analysis, such behaviour is taken into account by defining Bergstrom-Boyce hysteresis
parameters. In present study, adopted hysteresis parameters are presented in Table 2.

Table 2 Bergstrom-Boyce hysteresis model parameters for rubber
Stress scaling ~ Creep parameter  Effective stress Creep strain
factor S C, exponent m exponent C»
50 4x10°10 8 0

5.2.2 Steel

The elastic behaviour of steel is defined by using modulus of elasticity E of 210GPa and
Poisson’s ratio v of 0.3 [61]. As for plasticity, steel is set to yield at 235MPa, while its ultimate
strength is set as 360MPa with corresponding strain of 25% [57][61] (Refer to Table 3).

5.2.3 Sand

In the present study, finite element method is favoured for lower computational cost compared
to discrete element method [50]. The sand mass properties are governed by elastic model, with
modulus of elasticity E of 85MPa and Poisson’s ratio v of 0.3 [62][63] (Refer to Table 3).

5.24 Epoxy

The behaviour of epoxy is described using elastoplastic model. Its modulus of elasticity E was
taken as 1038MPa, while Poisson’s ratio v of 0.35 was adopted [64]. For plasticity, the yield
stress oy Of epoxy was set as 15.8MPa with the corresponding yield strain ¢y of 1.07%. Ultimate
stress omax Of 26.5MPa was set, and the corresponding elongation at break emax was defined as
2.9% [65] (Refer to Table 3).

525 Lead

The elastic properties of lead were defined using modulus of elasticity E of 10GPa and
Poisson’s ratio v of 0.43 [60]. The yield strength of lead was taken as 10MPa [6].

Table 3 summarizes of properties defined for continuum materials in the simulation.

5.3 Model Meshing

All bearing components are meshed using hex shape element. Elastomer component i.e. rubber
layer was meshed using reduced integration linear hexahedral solid element with eight-node
and three degree of freedom under hourglass control and hybrid with constant pressure
(C3D8RH). Linear triangular prism with six-node and three degree of freedom (C3D6) element
was adopted for sand mass. Reduced integration linear hexahedral solid element with eight-
node and three degree of freedom under hourglass control (C3D8R) element was used to model
the remaining components.

5.4 Interactions

The soffit of bottom cover plate is expected to be fixed throughout the analysis. Therefore,
encastre boundary condition was defined. As for the top plate, only translational movements
along x and z directions, due to shear and axial forces respectively were allowed. The top plate
was restrained against rotation. This definition simulated the condition where the
superstructure possesses very high rotational stiffness [66].



Table 3 Mechanical properties of steel, sand, epoxy and lead

Material Mechanical Properties
Steel E=210GPa [61]
v=0.3 [61]

oy=235MPa [57]
£,=0.11% [61]
ov=360MPa [61]
£u=25% [61]

Sand E=85MPa [62][63]
v=0.3 [62][63]

Epoxy E=1038MPa [64]
v=0.35 [64]

0y=15.8MPa [65]
&y=1.07% [65]
0u=26.5MPa [65]
£u=2.9% [65]
Lead E=18GPa [60]
v=0.43 [60]
0y=10MPa [6]

(a) Unloaded condition (b) Deformation during cyclic shear test
Fig. 6 Proposed elastomeric bearing during finite element simulation

Tie constraint was defined for contact interfaces among all the bearing components, namely
cover plates, rubber layers, steel shims, steel core, lead core and filler.

For steel-rubber contact interface, this definition simulates the adhesion between those
components which formed via vulcanization involving heat and pressure [67]. Same behaviour
was set for contact between cover plates and outer rubber layers. Although modelled as separate
entities, both steel core and bottom cover plate are tied together, indicating the condition where
the threaded connection between the core and bottom plate is anticipated to be intact during
the bearing operation. For epoxy, adhesion is developed after the filling and curing process.
For sand material, tangential contact between sand mass surface and bearing components can
be defined as rough contact, where the slippage of contacting interfaces should not occur [68].
In addition, the sand mass surface should remain contact with the bearing components in
normal direction, neither penetration nor separation will occur. Use of tie constraint for contact
between lead core and bearing components has been proven adequate in literature [60].

5.5 Characteristics of elastomeric bearing

In this study, the behaviour of elastomeric bearing is described using equivalent damping ratio
heq, effective stiffness ke, dissipated energy ED and yield force Q. To determine these
parameters, the final cycle of lateral force-displacement curve from the simulation of cyclic



shear test is referred. The calculation methods for these characteristics are presented in Egs.
(15), (16) and (17) [60][11]:

ho— 2ED
- ”kEff(dp - dn)2 15
15
_ Fp - F,
Y= d,—d,
(16)
1
Q= E (Qp - Qn)
(17)

In these equations (Egs. (15), (16) and (17)), the applied strokes in positive and negative
directions are represented by dp and dn. Forces required to cause the displacement of d, and dn
are Fp and F, respectively. Qp and Qn are the yield force at positive and negative sides
respectively. ED is defined as energy dissipated throughout one cycle, and it can be measured
directly based on the area under the hysteresis loop from the curve shown in Fig. 7.

» Displacement

ED

Fig. 7 Parameters and characteristics of elastomeric bearing in lateral force-displacement
curve

5.6 Simulation of design condition

Design stroke was exerted at the midpoint of top plate. Finite element nodes on the top surface
of the cover plate are connected to the loading point by the mean of multi-point constraint [58].
Design axial load of 180kN was exerted on this loading point as a concentrated load.

On top of that, 30mm design lateral displacement was applied to the loading point. It was
defined as three sinusoidal cycles of horizontal displacement with the frequency of 0.0556Hz,
equivalent to the circular frequency of 0.349rad/s. Corresponding to the frequency, the time
taken to complete one cycle is 18s. Three cycles of lateral stroke was simulated, where the
force-displacement relation for the final cycle was used to derive the characteristics of
elastomeric bearing. Fig. 8 illustrates the displacement applied during the finite element
analysis.
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Fig. 8 Applied sinusoidal displacement during the simulation of design condition

Through simulation process, at the first step, the design axial load was applied to the bearing.
Then, cyclic lateral displacement was exerted while maintaining the axial load. This simulates
the condition where axial force and lateral stroke are simultaneously loaded on the bearing.
The proposed core and filler system with both sand and epoxy are first simulated and compared
against the lead core under the design loading to inspect the behaviour of core system. The
strength of lead core is inferior when compared to that of proposed core system. Steel core
utilizing epoxy filler possesses the highest strength and damping among all the systems. Fig. 9
compares the hysteresis behaviour of all three core systems.
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Fig. 9 Simulation result for proposed core systems and lead core



Then, the bearings are simulated their stress distribution are determined. Stress developed in
steel shims and rubber layers of LRB is the lowest among all the simulated elastomeric bearings.
The stress developed in rubber layer remains consistent for all types of bearings, with the
increment of up to 17.8% as observed in SCRB2 when compared to LRB.

For LCRB, SCRB2 and ECRB, the stress in steel shims first decreases top down until the top
level of steel core (from steel shim 1 to steel shim 6), and then it increases until the bottom
cover plate level (from steel shim 6 to steel shim 10). Steel shim 1 and 10 experiences highest
stress, as they are located near to the high stress stiff region, where the core system contacts
with both top and bottom cover plates. However, this is not the case for partially filled SCRB1.
The stress developed in steel shims of LRB shows large difference when compared to the others.
Among the bearings utilizing core, steel shims in LCRB experience the highest stress with the
maximum of 248.3MPa. Three steel shims (steel shim 1, 9 and 10) are found yielded
throughout the simulation. For bearing with proposed system, the stress in steel shims is the
highest in SCRB2 (241.4MPa), followed by ECRB (239.6MPa) and SCRB1 (236.5MPa). For
both SCRB2 and ECRB, the topmost steel shim 1 is found yielded. Steel shims 5, 6 and 10 are
yielded for SCRBL1. Steel shim 5 is partially covered by the filler. When stroked, the steel shim
section experiences high shear and this causes the development of high stress.

For elastomeric bearing equipped with the proposed system, the steel core experiences high
stress at the root level and yielding is expected. For LCRB, lead core is found yielded as well.
Among the simulated bearing, the stress developed in top cover plate is the highest for LCRB
(194MPa). Given lower yield strength, lead core experiences earlier yielding when compared
to the steel core. As a result, force associated with the stroking is mainly resisted by the top
cover plate, and this leads to high stress in the steel plate. For elastomeric bearing with proposed
core and filler system, the stress in bottom cover plate is greater than that developed in top
cover plate. This connection with steel core enables the transfer of stress to bottom cover plate
and thus making the developed stress higher when compared to top cover plate.

Table 4 shows the maximum stress developed in all components for each type of bearing. Fig.
10 shows the stress contour obtained from finite element analysis.

6.0 Parametric study

Several parameters were set as manipulating variable to investigate their effect on the
performance of elastomeric bearing. In present study, the geometry of bearing components was
not studied, as the purpose of this parametric study was to identify the change in the behaviour
of bearing due to the uncertainties that may happen during fabrication and service. Instead, the
study focusing on two main aspects, namely material properties and loading conditions.

6.1 Material properties correlation

Among all materials used, the mechanical properties of sand are rather inconsistent as they are
dependent on their packing state. For instance, the modulus of elasticity for dense sand is
greater than that for loose sand. Even so, the mechanical properties of sand with the same
packing state category may vary hugely, since they are not only affected by the arrangement of
sand grains, but also loading history and density [69].

Parametric study on the effect of sand properties on the characteristics of SCRB1 and SCRB2
was conducted due to the potentially large variability in terms of sand properties. In relation to
that, 8 cases were defined, as listed in Table 5. The range of sand parameters was based on the
extreme values recommended by Bowles for loose and dense sand [69].



Table 4 Maximum stress developed in the components of simulated bearings
Maximum stress (MPa)

Component LRB LCRB SCRB1 SCRB2 ECRB
Top cover plate 2.7 194 3.3 36.1 35.7
Bottom cover plate 13.9 66 42.4 74.8 74.9
Core (lead / steel) - 10 360 360 360
Filler - - 22.8 41.9 23.7
Outer rubber layer 1 (top) 11.8 11.9 13.3 13.9 13.1
Steel shim 1 22.9 248.3 50.9 241.4 239.6
Inner rubber layer 1 11.8 12.3 13.3 12.6 11.8
Steel shim 2 20.8 225.1 65.8 206.3 183.6
Inner rubber layer 2 11.8 114 13.3 12.1 11.3
Steel shim 3 19.5 189.6 78.1 175.9 160.6
Inner rubber layer 3 11.8 12.1 13.3 12.1 11.2
Steel shim 4 19.5 144.8 96.3 150.5 136.9
Inner rubber layer 4 11.8 12 13.3 12.1 11.2
Steel shim 5 18.9 160.9 236.5 155.9 153.4
Inner rubber layer 5 11.8 11.3 10.1 125 11.9
Steel shim 6 18.9 151.4 235.5 137 131.6
Inner rubber layer 6 11.8 12 10.2 125 11.8
Steel shim 7 19.7 202.8 232.6 157 171.5
Inner rubber layer 7 11.8 12.1 10.2 12.3 11.3
Steel shim 8 20.1 224.2 229.1 185.3 181.1
Inner rubber layer 8 11.8 11.3 10.1 12.3 114
Steel shim 9 20.8 235.1 201.1 234.1 214.5
Inner rubber layer 9 11.8 12.1 10 11.8 11.3
Steel shim 10 255 235.7 235.2 222.9 231.9
Outer rubber layer 2 (bottom) 11.8 115 11.1 13.8 13.1

Table 5 Material properties of SCRB1 and SCRB2 for material properties study
Rubber G Sand E

Simulation case (MPa) (MPa) Sand v
M1 0.9978 10 0.2
M2 0.9978 10 0.3
M3 0.9978 25 0.2
M4 0.9978 25 0.3
M5 0.9978 50 0.2
M6 0.9978 50 0.3
M7 0.9978 81 0.2
M8 0.9978 81 0.3

The variability of sand properties influences on the bearing characteristics of SCRB1 and
SCRB2.

The equivalent damping ratio of bearing varies from 25.16% to 25.94% for SCRB1, and 19.52%
to 23.56% for SCRB2. When the sand mass in SCRB1 changes from its densest state to the
loosest state, the values of heg and Q change by +3.1% and -1.5% respectively. For SCRB2, the
changes in heg and Q under the same situation are +20.7% and -0.4% respectively.

In terms of stiffness, the range of variation lies between 12.79kN/mm to 13.32kN/mm for
SCRB1 and 14.59kN/mm to 17.26kN/mm for SCRB2.
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Fig. 10 Maximum stress in simulated elastomeric bearings
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Table 6 Bearing characteristics obtained from finite element analysis for SCRB1 and SCRB2
under simulation case M1 to M8 and benchmark case
SCRB1 SCRB2
Simulation ED heq Keft Q ED heq Keff Q
case (KNmm) (%) (KN/mm) (KN) (KNmm) (%) (KN/mm) (kN)
Benchmark 18948 25.16 13.32 3909 19055 1952 1726  379.8

M1 18758 2594 1279  385.2 19417 2353 1460 378.2
M2 18759 2594 1279 3852 19418 2356 1459  378.2
M3 18795 2572 1292 386.6 19343 2230 1535 378.6
M4 18797 2571 1293  386.7 19347 2236 1531  378.7
M5 18858 25.44  13.11  388.7 18637 20.40 16.17 379

M6 18861 25.44 1311  388.7 18835 20.72 16.09 379.1
M7 18935  25.18 13.3 3906 18789 1934 1719 3796
M8 18938  25.18 13.3 390.7 18896 19.60 17.06  379.7

This shows the reduction of 4% and 15.5% are achievable for ket of SCRB1 and SCRB2
respectively, from the highest possible stiffness. For ED, the value ranges from 18758kNmm
to 18948kNmm for SCRB1, and from 19055kNmm to 19418kNmm for SCRB2. The reduction
from peak value is 1.0% and 1.9% for SCRB1 and SCRB2 respectively. Refer to Table 6 for
the tabulation of simulation results.

6.2 Loading conditions correlation

The influence of loading conditions was studied in several aspects. The first aspect was loading
frequency, where study was done by establishing 3 different frequencies. In the simulation, the
applied lateral displacement was set as 30mm. The displacement pattern was maintained as
sinusoidal to enable comparison with the benchmark performance.

Correlation between the displacement pattern and bearings characteristics was also investigated
by applying triangular displacement. The lateral displacement and frequency were set as 30mm
and 0.0556Hz respectively. Unlike sinusoidal displacement, the loading rate for triangular
displacement was consistent at 6.7mm/s throughout the simulated period.

Other than constant amplitude, elastomeric bearings behaviour under increasing amplitude was
studied as well to obtain insight on the correlation between loading history and isolation
performance of elastomeric bearings when comparing with the result obtained from case L4.
Under the frequency of 0.0556Hz, the amplitude of lateral displacement increases by 5mm
after every cycle. The loading started from 5mm and ended at TDD, 30mm. In relation to this
pattern, the loading rate increases by 1.117mm/s in every subsequent cycle, began with
1.117mm/s and ended at 6.7mm/s. During evaluation, the final cycle with 30mm amplitude
was referred to derive the characteristics of elastomeric bearings. Fig. 11 and Fig. 12 shows the
adopted displacement for the studies.

The hysteresis behaviour of elastomeric bearings was also explored under different lateral
displacement. The analysis cases were divided into two categories. The first category was the
situation where the bearings was stroke with displacement smaller than TDD. For this category,
five cases were studied. The second category was the situation where the applied lateral
displacement exceeded TDD. Under this category, three cases were simulated, covering 100%,
150% and 200% shear strain, based on the total elastomer layers thickness of 35mm. Other
controlling parameters such as frequency and displacement pattern were maintained as it was
for design condition.
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Fig. 11 Triangular displacement applied on the elastomeric bearings
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Fig. 12 Triangular displacement with increasing amplitude applied on the elastomeric
bearings

Table 7 summarizes the simulated cases for the parametric investigation involving loading
conditions. Generally, when subjected to cases under different frequencies, ED, heq, keff and Q
of bearing increases with frequency, except for LRB where the equivalent damping ratio
decreases under these loading conditions. The results are presented in Table 8.

The bearing characteristics obtained from simulation case L4 was compared to that from
benchmark to gain insight on the effect of displacement pattern. The deviation between two
sets of data were tabulated together with the output in Table 9. The hysteresis curve obtained
are shown in Fig. 13. Qualitatively, the vertices of hysteresis curve subjected to triangular
displacement was found sharper than that from sinusoidal displacement. Such behaviour
shrinks the area inside the hysteresis curve and led to reduction in terms of ED and heg. On the
other hand, kets increased when compared to benchmark. At the same time, Q decreased.



Table 7 Loading conditions used in parametric study

Simulation case Displacement ~ Amplitude Frequency
pattern (mm) (Hz2)
L1 Sinusoidal 30 0.0167
L2 Sinusoidal 30 0.0333
L3 Sinusoidal 30 0.05
L4 Triangular 30 0.0556
L5 Triangular 5t0 30 0.0556
L6 Sinusoidal 5 0.0556
L7 Sinusoidal 10 0.0556
L8 Sinusoidal 15 0.0556
L9 Sinusoidal 20 0.0556
L10 Sinusoidal 25 0.0556
L11 Sinusoidal 35 0.0556
L12 Sinusoidal 52.5 0.0556
L13 Sinusoidal 70 0.0556

Table 8 Characteristics of bearings under various loading frequencies

Bearing  Case Fre(ql_l:;a; % ED (KNmm) heq (%) Kett (KN/mm) Q (kN)
L1 0.0167 11087 17.66 11.10 359.0

LRB L2 0.0333 11823 17.48 11.96 390.6
L3 0.05 12255 17.34 12.50 410.3

L1 0.0167 18157 24.38 13.17 346.6

LCRB L2 0.0333 19514 24.74 13.95 375.9
L3 0.05 20338 24.92 14.43 394.2

L1 0.0167 16747 25.49 11.62 335.7

SCRB1 L2 0.0333 17996 25.60 12.43 365.1
L3 0.05 18754 25.63 12.94 383.3

L1 0.0167 16776 18.78 15.80 328.3

SCRB2 L2 0.0333 18071 19.26 16.59 357.1
L3 0.05 18856 19.51 17.09 375.0

L1 0.0167 20335 23.81 15.10 400.2

ECRB L2 0.0333 21602 24.04 15.89 428.8
L3 0.05 22349 24.11 16.39 446.6

By comparing the results obtained from case L4 and L5, the force corresponding to maximum
displacement was found greater for case L5 (refer to Fig. 14). Bearings with proposed
mechanism exhibited lower heq (-4.4%, -7.2% and -1.2% for SCRB1, SCRB2 and ECRB
respectively) and higher ke (+4.1%, +7.2% and +5.9% for SCRB1, SCRB2 and ECRB
respectively) when subjected to triangular displacement with increasing amplitude. Given the
same trend, the magnitude of change in heq and kesr are the greatest for LCRB when compared
to other bearings.

ED decreased insignificantly (0.4% for SCRB1 and SCRB2), although that was not the case
for LRB and ECRB (+2.4% and +4.7%). The effect of loading history is found the greatest on
LCRB, where the absolute change in bearing performances is considerably high when
compared to other types of bearing, if not the highest. See Table 10 for the comparison of
bearing characteristics under case L4 and L5.

Fig. 15 and Fig. 16 compare the hysteresis behaviour of elastomeric bearings against
benchmark LRB and LCRB. From this comparison, the relative performances of proposed



bearings are consistent with that under benchmark loading condition, regardless of the types of
displacement pattern and loading history. For instance, the lateral stiffness of SCRB2 remains
higher than LCRB whether it is subjected to sinusoidal or triangular displacement.

Table 9 Characteristics of elastomeric bearings under simulation case L4 and their difference
from benchmark design condition

LRB LCRB SCRB1 SCRB2 ECRB

Bearing 17— o)) L4 A(%) L4 A(%) L4 A(%) L4 A(%)

ED 11119 +0.1 18824 -84 17416 -81 17535 -79 20761 -7.4
(KNmm)
heq (%) 1347 -115 2240 -89 20.73 -176 16.22 -17.0 20.03 -15.3
Kett 146  +13 1486 +05 1486 +11.6 19.12 +109 1833 +94
(KN/mm)
Q(kN) 3836 -83 3606 -10.2 3594 -81 350.7 -7.7 4222 -7.0

Table 10 Characteristics of bearings under different loading history

Characteristics Case LRB LCRB SCRB1 SCRB2 ECRB

L4 11119 18824 17416 17535 20761

ED (kNmm) L5 11380 18779 17347 17463 21731
Difference (%) +2.4 -0.2 -04 -04 +4.7

L4 13.47 22.40 20.73 16.22 20.03

heq (%) L5 13.10 19.66 19.82 15.06 19.80
Difference (%) -2.7 -12.2 -4.4 -7.2 -1.2

L4 14.60 14.86 14.86 19.12 18.33

Kett (KN/mm) L5 15.36 16.89 15.48 20.50 19.41
Difference (%) +5.2 +13.7 +4.1 +7.2 +5.9

L4 383.6 360.6 359.4 350.7 422.2

Q (kN) L5 378.1 347.9 352.9 346.8 419.1
Difference (%) -14 -3.5 -1.8 -1.1 -0.8

Constitutive curves of bearings were derived based on the maximum force corresponding to
the maximum lateral displacement acquired from simulation case L6 to L13. The results are
presented in Table 11, and Fig. 17 shows the constitutive curves developed for each bearing.
Fig. 18 demonstrates the hysteresis curves of bearings under excessive shear strain i.e. 100%,
150% and 200%.

Based on the observation, force required to push the top plate of bearing increased drastically
when LCRB, SCRB2 and ECRB achieved around 150% shear strain i.e. from 700.7kN to
1173.4kN at 200% shear strain for LCRB (+67.5%), from 922.4kN to 1835.0kN at 200% shear
strain for SCRB2 (+98.9%), and from 791kN to 1377.7kN at 200% shear strain for ECRB
(+74.2%). On the other hand, such trend was not observed from the behaviour of LRB and
SCRB1 with the comparatively low changes of +11.5% and +17.6% respectively.

7.0 Application of Proposed Bearing in a Building

The application of elastomeric bearings in a building as base isolator was simulated with
ground motion record using finite element software, ETABS. The purpose of such simulation
was to assess the structural response with proposed base isolator, where insights was obtained
by comparing with fixed base condition as a benchmark.



Table 11 Force in bearings corresponds to the amplitude of lateral displacement under
simulation case L6 to L13

Displacement Force (KN)
(mm) LRB LCRB SCRB1 SCRB2 ECRB
-70 -493.7 -11519 -5783 -1874.0 -1316.5
-52.5 -4429  -6854  -4909  -981.3  -767.7
-35 -394.7  -468.3  -4141  -593.0 -548.3
-30 -381.0  -4344  -387.4  -511.0  -495.3
-25 -367.1  -406.0 -373.8  -470.3  -464.9
-20 -352.7  -380.8 -354.0 -425.0 -436.1
-15 -337.2  -356.6  -3335  -3824  -405.3
-10 -319.6  -334.2  -310.8 -3405 -3704
-5 -296.3  -271.1  -281.1  -2945  -327.7
5 301.5 272.9 285.9 294.5 331.4
10 327.1 340.0 317.7 342.1 374.8
15 346.3 368.0 341.9 385.1 411.2
20 363.1 394.7 363.6 428.4 444.8
25 378.6 421.9 384.4 474.1 476.7
30 3935 452.2 398.8 524.1 509.7
35 408.0 487.8 426.4 597.6 559.5
52.5 458.6 700.7 505.2 922.4 791.0
70 511.3 1173.4 594.0 1835.0 1377.7

7.1 Building data

The considered building structure is a five-storey office building based on an actual building
located in Malaysia. The height of first storey is 4.267m, and subsequent four storeys are
3.353m height each. On top of roof floor, upper roofs of 4.8m height exist on top of lift motor
room and staircases that provide access to roof floor. The total height of the building structure
IS 22.479m.

The lateral resistance of structure is mainly contributed by 230mm thick reinforced concrete
shear wall that acts as lift core. Grid of columns are used to support the horizontal elements
namely beams and slabs. The shape of perimeter column is rectangular, and that for interior
column is circular. The concrete grade for beams and slabs is C25, while that for columns and
wall is C30. The yield strength of steel reinforcement used is 410MPa. Fig. 19 presents the
finite element model of the building structure, whose nonlinear equilibrium equations are
typically solved by using numerical integration methods [70][71].
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Fig. 17 Constitutive curve for bearings under various lateral strokes

7.2 Base isolators
Bearings are provided at 30 locations under the vertical structural members i.e. columns and
wall to achieve base isolation. Six cases were simulated, where five of them were equipped
with elastomeric bearings as base isolators, and the remaining one case simulated the fixed
base condition as benchmark for performance comparison. Among the five elastomeric bearing,
three of them were the bearings with proposed core-and-filler system i.e. SCRB1, SCRB2 and
ECRB. Remaining two bearings were conventional elastomeric bearings that have been
implemented in industry, namely laminated rubber bearing (LRB) and lead-core rubber bearing
(LCRB).
In ETABS 2016, non-linear links were modelled at the base of vertical elements to simulate
the base isolation. The behaviour of base isolators was described using spring and dashpot
model. This analytical model consists of effective stiffness, ket and effective damping, ces [72].
The effective stiffness is taken as kesr of elastomeric bearing obtained from cyclic shear test.
Equivalent viscous damping, Ces is used to calculate the effective damping component, as
presented in EQ.(18), where the parameters are as defined in Fig. 7 [73]. The bearing
characteristics from numerical simulation for design condition were used to derive the k and ¢
components for elastomeric bearings. Table 12 shows the calculated k and ¢ components for
all elastomeric bearing.

2 ED

C =—
o ”(Fp - Fn)(dp - dn)

(18)

Table 12 Effective stiffness and effective damping of elastomeric bearings

Bearing K = Kett (KN/mm) C = Ceff (KNs/mm)
LRB 12.91 0.1522
LCRB 14.78 0.2459
SCRB1 13.32 0.2516
SCRB2 17.26 0.1952

ECRB 16.76 0.2366
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Fig. 19 Model of the studied 5-storey building structure

7.3 Time history analysis

The effective weight of structure for seismic analysis purpose is the sum of total dead load and
25% of total live load [74].

The nature of building structure is ordinary concrete moment-resisting frame, while the soil
profile of the site is not available. The parameters associated with this type of building and site
condition were determined for the construction of response spectrum, in accordance with
ASCE 7-10 [75]. Spectral accelerations and long-period transition period T, are dependent of
the geographical location of site. In this study, the value of spectral acceleration for 0.2s and
1s, Ss and Si were conservatively assumed to produce the most critical design spectral
acceleration value, while Ty is taken as 8s. Table 13 outlines the parameters determined as per
ASCE 7-10.

Fig. 20 presents the target response spectrum under design-based earthquake (DBE) for the
building structure based on the parameters determined as per ASCE 7-10. The probability of
exceedance for DBE was 10% in 50 years, corresponding to return period of 475 years.

10 ground motion records were applied to the structure through nonlinear dynamic analysis, to
obtain reliable seismic performance of building structure with and without base isolation [76].
The ground motion data were obtained from online database of Pacific Earthquake Engineering
Research (PEER) centre. Table 14 lists the selected ground motion records for the analysis.



Table 13 Response spectrum parameters for the building structure as per ASCE 7-10

Parameter Value Reference
Diaphragm eccentricity 0.05 -
Approximate period parameters
Ct 0.016 Table 12.8-2
X 0.09 Table 12.8-2
Response modification factor R 3 Table 12.2-1
Overstrength factor Q 3 Table 12.2-1
Deflection amplification factor Cd 2.5 Table 12.2-1
Risk category I Table 1.5-1
Importance factor | 1.0 Table 1.5-2
Site class D cl.11.4.2
Spectral acceleration
For 0.2s, SS 0.25 -
For 1s, S1 0.1 -
Long-period transition period TL 8s -
Site coefficients
Fa 1.6 Table 11.4-1
Fv 2.4 Table 11.4-2
Design spectral acceleration
For 0.2s, SDS 0.2667 -
For 1s, SD1 0.16 -
Damping ratio 5% cl.16.1.3.1

0.3

0.2

Acceleration (g)

0 2 4 6 8 10
Period, 7 (s)

Fig. 20 Design response spectrum for the building as per ASCE 7-10

Table 14 Ground motion records implemented in this study

Record Earthquake Year Station

RSN164 Imperial Valley — 06 1979 Cerro Prieto
RSN283 Irpina, Italy — 01 1980 Arienzo
RSN313 Corinth, Greece 1981 Corinth
RSN587 New Zealand — 02 1987 Matahina Dam
RSN727 Superstition Hills—02 1987  Superstition Mtn Camera
RSN838 Landers 1992 Barstow
RSN1102 Kobe, Japan 1995 Chihaya
RSN1614 Duzce, Turkey 1999 Lamont 1061
RSN1633 Manjil, Iran 1990 Abbar

RSN1762 Hector Mine 1999 Amboy




The ground motion records were scaled to match the target response spectrum shown in Fig.
20. Considering the ductility of structure, the ground motions were then scaled by applying
factor equivalent to Ig/R, in accordance with cl.16.1.4, ASCE 7-10 [77]. Orthogonal
components of scaled ground motion were applied simultaneously to the structure in both x
and y directions. P delta effect was taken into account during the nonlinear analysis.

Three main vibration mode, consisting of two translational about x and y directions, and one
torsional about z axis were inspected. The fundamental mode of vibration is torsional, where
its vibration period is 1.593s under fixed base condition. Torsional mode of vibration emerges
as the fundamental mode of vibration due to the irregular and non-symmetrical arrangement of
column and wall elements [78]. Refer to for the floor plan of building showing the irregular
arrangement of vertical elements. The second and third mode of vibration are translational
along y and x directions, with the period of 0.841s and 0.824s respectively. The elongation of
period is observed all simulation cases that implement base isolation mechanism. The greatest
period elongation occurs when LRB is implemented, with the period of 1.794s, 1.362s and
1.047s for first, second and third vibration mode respectively. On the other hand, the degree of
period elongation by SCRB2 is the smallest compared to other base isolation cases. Table 15
presents the vibration modes and corresponding period under all six analysis cases.

Table 15 Period of vibration for the structure under six simulation cases

Period (S)
Base condition First mode Second mode Third mode
(torsional) (translational - y)  (translational - x)

Fixed base 1.593 0.841 0.824
LRB 1.794 1.362 1.047
LCRB 1.788 1.348 1.041
SCRB1 1.791 1.353 1.043
SCRB2 1.784 1.335 1.036
ECRB 1.791 1.354 1.044

The implementation of base isolation system greatly reduces the base shear developed in
building structure. Minimum 95% of reduction is observed from the analysis results. On the
other hand, maximum storey drift for the cases with base isolation are generally greater than
that for fixed base condition. Table 16 and Table 17 shows the maximum base shear developed
throughout the ground motion period in x and y direction respectively. Fig. 22 demonstrates
the maximum storey drift exhibited by structure during the simulation of ground motions.

Table 16 Maximum base shear developed in x direction for all cases
Maximum base shear in x direction (kN)

Ground Fixed

motion base LRB LCRB SCRB1 SCRB2 ECRB
RSN164 1232.4 61.8 62.2 61.9 59.8 61.5
RSN283 17255 61.3 61.4 61.2 59.1 60.9
RSN313 1268.6 31.7 325 32.1 33.3 32
RSN587 1524.9 39.1 38.4 38.6 37.6 38.6
RSN727 1911.6 61.1 60.8 60.9 59.5 60.7
RSN838 1895.2 91.6 93.6 92.5 93 92.1
RSN1102 1705.6 72.6 74.8 73.9 75.7 73.6
RSN1614 1358.4 57.3 59.9 58.6 57.9 58
RSN1633 1347.6 49.8 50.4 50 49.2 49.7

RSN1762  1356.6 53.7 54.3 53.9 52.9 53.6
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Fig. 21 Floor plan for the analysed building

(c) Roof floor



Table 17 Maximum base shear developed in y direction for all cases

Maximum base shear in y direction (kN)

Ground

motion Fb';‘:ed LRB LCRB SCRB1 SCRB2 ECRB

RSN164  2450.4 553 55.6 55.3 53.4 55

RSN283  2265.3 69.3 69.7 69.4 67.7 69

RSN313  2868.9 36.5 37.1 36.8 36.8 36.7
RSN587  2612.1 37.2 35.9 36.3 33.9 36.3
RSN727  1821.2 57.8 57.7 57.7 56.7 57.6
RSN838  1902.5 91.4 93.1 92.3 92.8 92

RSN1102  2200.0 67.7 69.8 68.9 70.7 68.7
RSN1614  1895.7 42.2 42.8 425 42.9 42.4
RSN1633  1663.7 45.7 45.6 455 43.6 45.2
RSN1762  1902.9 53 54.3 53.7 54.4 535

8.0 Discussions

8.1 Effect of sand properties

Based on the results shown for cases M1 to M8, the percentage of fluctuation in equivalent
damping ratio and lateral stiffness of SCRB2 is 6.68 and 3.75 times higher than that occurs in
SCRBL1, respectively. In terms of dissipated energy, the percentage of fluctuation observed in
SCRB2 is four times greater than that for SCRB1. However, the volume of sand used in SCRB2
is 1.88 times more than that for SCRB1. In other words, the effect of sand properties on the
change in bearing characteristics is not solely due to the volume of sand in use. It is also a
function of interfacial area between sand and bearing components, as well as the confinement
state of sand mass. Under fully filled condition, the interfacial area is high, and the sand mass
is in fully confined state. Having large interfacial contact area and being in fully confined state
mean the sand mass completely transfers the stress developed upon displacement, subsequently
fully deploy the resistance from other bearing components rather than absorb some of them via
its own deformation. Both factors amplify the effect of sand properties variation on the degree
of improvement or deterioration in terms of performance.

Despite large variability in the characteristics of SCRB2, it is still found to be a good
replacement for lead in LCRB when it comes to improving the lateral stiffness of device. The
value of ket for LCRB is 14.78kN/mm, and based on the findings in the present study,
replacement of lead will only be deemed inefficient if and only if the sand filler is loosely
packed, as simulated in case M1 and M2. On the other hand, the damping improves when the
sand filler is loosely packed, as shown in M1 and M2, where the equivalent damping ratio
achieved are 23.53% and 23.56%, with the difference of -4.3% when compared to that for
LCRB (heq =24.59%).

In other words, by establishing medium to dense sand packing condition during manufacturing,
the reduction in bearing stiffness due to material variability can be avoided. In return, the
equivalent damping ratio of SCRB2 can be improved.

From the result for SCRB1 and SCRB2 shown in both Table 4 and Fig. 10, full height filler
avoids the uneven stress distribution among the steel shims. The number of steel shims yielded
in both SCRB2 and ECRB is less than that for LCRB. This indicates the use of stiffer steel core
and full height filler successfully attracts the external forces, plays its role as main stiffness
contributor of the bearing and reduces the stress in steel shims. Nonetheless, the stress
developed in steel core is high and the yielding of core is anticipated throughout the operation
period. This will increase the frequency of maintenance and replacement of steel core. As for



lead core, yielding does not invoke the concern for maintenance as lead can recrystallize under
room temperature [6][7].

Further to the findings, the strength of lead in LCRB may deteriorate with increasing
temperature due to hysteresis behaviour of lead itself. Over time, such deterioration may occur
numerous times as the temperature threshold for deterioration is not very high [25]. On the
other hand, quartz crystal structures in silica sand experiences changes when it is subjected to
high temperature of 1000°C [79]. In other words, the resistance of sand particle may be
considered indifferent to the temperature change throughout the bearing service life. In terms
of the effect of temperature changes. yield stress of polymer decreases with increasing
temperature. Based on a study conducted by Chen et al., yield stress of epoxy drops drastically
when the temperature reaches 40°C [80]. The long-term performance of polymer is expected
to deteriorate. This can be concluded from the creep and recovery behaviour of asphalt treated
with epoxy, where the increase in permanent strain over long period of time is inevitable [56].
The main disadvantage of ECRB is the fluctuation of epoxy polymer filler under variation of
temperature. When maintenance is required, the process may be troublesome as specific
condition needs to be achieved before the polymer can be cured and ready for operation [80].
As for SCRB1 and SCRB2, the sand is susceptible to crushing due to the abrasion with steel
components of the bearing. Nonetheless, the maintenance of SCRB1 and SCRB2 are easier
than ECRB, where the replacement of sand filler does not require long procedure, and the
bearing will be ready for operation afterwards [81].

8.2 Effect of loading conditions

High damping rubber is used for the bearings. For this reason, the hysteresis behaviour of
bearings is sensitive to the velocity i.e. the frequency of lateral stroke. When subjected to high
velocity, high damping force is induced and together with the stiffness force, the device
develops high resistance against the applied loading. As a result, the magnitude of ke and Q
becomes greater with increasing frequency. More work is done to stroke the bearing laterally
and therefore, the ED increases with the frequency of loading as well. The reverse trend is
observed in the equivalent damping ratio of LRB. This is because as the frequency increases
from 0.0167Hz to 0.05Hz, the improvement in ket (+12.6%) surpasses that for ED (+10.5%)
and based on the definition of heq shown in Eq. (15), the reduction of -1.8% is achieved.
While having the same amplitude, the kert for bearings subjected to loading in triangular
displacement is greater than that obtained from sinusoidal displacement. Meanwhile, the
reduction in ED is noticed at the same time. This phenomenon is related to the effect of loading
frequency. For triangular displacement, the instantaneous velocity is consistent since the load
function curve is straight. For sinusoidal displacement, the instantaneous velocity is the
maximum at the beginning of cycle, and it reduces with increasing displacement. Based on
calculation, the value of instantaneous velocity for sinusoidal displacement becomes less than
that for triangular displacement when displacement of 23mm is attained (Fig. 23). As a result,
when the lateral displacement surpasses 23mm, the corresponding lateral force magnitude
becomes greater for triangular displacement, as presented in Fig. 24.

Moreover, when subjected to sudden change in loading direction as in triangular displacement,
bearing device is forced to deploy its stiffness component immediately to tackle the inertia.
Only after a while, damping component slowly plays its role and dissipates energy. Both are
the contributing factors to lower heq and ED, and higher kesr. For sinusoidal displacement, the
instantaneous velocity at the beginning is the greatest and it decreases over time. Besides that,
the rate of change of displacement is small as it approaches peak displacement, showing a
smooth transition to the change in loading direction. The damping component of bearing device
continues to stay active when the abrupt change in loading direction is less adverse.
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Fig. 22 Maximum storey drift attained throughout ground motion period for SCRB2

Despite subjected to more loading cycle and longer loading period (case L5), the ket of bearing
is found greater than that for bearing subjected to three cycles of 30mm displacement (case L4).
This behaviour is observed in all three types of bearings, indicating the characteristics of
elastomeric bearing is mostly governed by the most critical lateral displacement attained over
the loading history. When the deformation of elastomeric bearing over the history is large,



rubber is stretched and heq increases due to the softening. On the other hand, the softened rubber
possesses inferior strength compared to its original state. As a result, kess reduced in the wake
of increment in heg.
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Fig. 23 Comparison of instantaneous velocity of sinusoidal and triangular displacement under
various displacement

The finding for LCRB under case L4 and L5 is consistent with literature, as mentioned by
Ozdemir & Dicleli where the temperature rise in lead core can be reduced by using smaller
cyclic displacement amplitude. When the rise in temperature is less, the deterioration of lead
core strength is small [82]. As a result, the strength of LCRB is higher if it has not been
subjected to large displacement before, as observed by comparing the results from L4 and L5.
The properties of LCRB are correlated to loading history [82], and from the present study, the
effect of loading history is found more prominent in LCRB than other bearings. Thus, the
behaviour of lead is more sensitive to loading history, compared to steel, sand, epoxy and
rubber.

The constitutive curves for SCRB2 and ECRB are trilinear, where the piecewise points of three
linear segment are 5mm and 52.5mm, equivalent to 14.28% and 150% shear strain. For SCRB1,
the constitutive curve is bilinear, and the slope of curve reduced after 14.28% shear strain.
Before the bearings reach 14.28% shear strain, its stiffness is high, indicating greater resistance
from undeformed rubber and filler. When shear strain exceeds 14.28%, the resistance is
reduced as the deformation of rubber and filler becomes more and more significant. This can
be seen from milder slope of segment on the constitutive curve between 14.28% and 150%
shear strain. When 150% shear strain is achieved, the resistance increases significantly. Under
fully filled condition, as the space between steel core and elastomeric bearing body reduces,
the filler material in between is highly stressed and squeezed. Greater force is required to push
the bearing at this point, as the sand particles or molecules of epoxy are tightly packed and
leave little room for further compression. Similar phenomenon is observed for LCRB, and this
is consistent with the findings presented by Kim et al., where the corresponding lateral force
increased drastically at some point when it is being tested with varying shear strains [83].

For SCRB1 on the other hand, this phenomenon is not observed since the sand filler is not
confined and therefore, the particles are free to displace away from the high stress region, and
intense compression is thus less likely to occur in this region.
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8.3 Performance of elastomeric bearing as base isolator in structure

The implementation of elastomeric bearing successfully elongates the vibration period of
structure. By permitting the movement of superstructure at base level, the stiffness of structure
is reduced, and this causes the increase its vibration period. By elongating the vibration period,
pseudo spectral acceleration applied on structure is reduced. When pseudo spectral acceleration
is reduced, the force developed in structure during ground motion can be reduced. In addition,
the base isolator deforms with ground motion and reduces the forces transferred to
superstructure. With these combined effects, the base shear of structure is drastically reduced
by at least 95% when comparing to benchmark fixed base condition. The trade-off of this
improvement is larger storey drift.

By comparing the structural response after implementing all types of elastomeric bearings,
their differences are found negligible. This shows the superiority of any bearing against each
other diminishes as the devices are now only a small part in the structural system. Nevertheless,
the difference is still noticeable where SCRB2 shows the minimum elongation of period when
compared to other bearings, while having the highest effective stiffness compared to other
bearings.

From this study, the application of proposed elastomeric bearing in structure is as effective as
conventional bearings i.e. LRB and LCRB. The proposed core-and-filler mechanism is better
than LCRB in term of durability, and to LRB in term of the ability to provide exponentially
large stiffness against excessive displacement. For these reasons, the elastomeric bearing
utilizing the proposed core-and-filler mechanism is deemed an effective alternative to
conventional LRB and LCRB.

9.0 Conclusions

In this study, a new rubber elastomer bearing with steel core and filler system consists of
granular or polymer filler is developed as an alternative system to lead core bearing isolators.
The pure sand is implemented as granular filler and epoxy is used as polymer filler.
Accordingly, the special design process for the proposed elastomeric bearing under applied
load is developed. The procedure integrates the current implemented code of practice and
produces elastomeric bearing details that does not only satisfy the design standard, but also
compatible with the implementation of core-and-filler system.

Finite element model for rubber bearings for three types of proposed core-and-filler
mechanisms were developed. Thereafter, the parametric study is conducted to explore the
influence of sand properties on the performance of rubber bearing with partially and fully sand
filler. Also, the effect of material variability is explicitly studied by comparison the behaviour
of bearing with lead rubber bearing, for further insight on the effectiveness of lead material
replacement. Besides that, the correlation between performance and loading conditions in terms
of loading frequency, displacement pattern and applied displacement were studied.

From result of this study, the following findings are drawn and summarized:

1. Among the elastomeric bearings, the addition of lead core and proposed core-and-filler
system in conventional bearing causes the improvement in effective damping. The
improvement brought forth by LCRB is 61.6% compared to LRB. Among the bearing with
core-and-filler mechanism, SCRB1 showed the best isolation performance with 25.16%
equivalent damping, achieve an improvement of 2.32% when compared to LCRB. This
value is also 28.9% and 6.3% greater than the equivalent damping ratio calculated for
SCRB2 and ECRB. Comparing to LCRB, the damping of both SCRB2 and ECRB are
inferior (-20.6% and -3.8% respectively).

2. Conversely, SCRB2 was found possessing superior effective stiffness, in which by
replacing lead core with fully filled sand and core system, effective stiffness increased by



16.8%. Such stiffness was 3% higher than effective stiffness for ECRB, and 29.6% greater
when compared to SCRB1. Meanwhile, the introduction of such system in conventional
bearing improves the stiffness by 33.7%.

3. For the rubber bearing with full sand, the filler packing condition can be manipulated during
manufacturing stage to produce intended improvement after replacing lead core. By
reducing the sand filler volume, improvement up to 32.9% can be achieved in terms of
damping, as exhibited from SCRB2 benchmark case to SCRB1 case M1. By changing fully
filled sand filler to densely packed condition, improvement of 18.3% in terms of effective
stiffness is possible. Thus, the variability of sand properties due to various reasons does not
compromise the effectiveness of system comprising steel core and full sand filler in SCRB2
to replace the lead core in LCRB.

4. For elastomeric bearing with sand core-and-filler mechanism, the damping can be
improved by reducing the modulus of elasticity of sand, while the stiffness can be improved
by increasing it. The effectiveness in the improvement by changing the modulus of
elasticity of sand is dictated by the volume of used sand filler, filler confinement state and
interfacial area between sand and bearing components. This is observed for SCRB2, where
the improvement in damping can be increased by 20.7% by changing the sand packing
condition from dense to loose, and 15.5% in stiffness by changing the sand packing
condition from loose to dense. Relatively, the maximum improvement of merely 3.1% and
4% for damping and stiffness is seen in SCRBL1.

5. The constitutive curve of elastomeric bearings with fully filled void i.e. SCRB2 and ECRB
is trilinear, where the steel core functions as displacement control system when large strain
occurs, and it is maximized when the filler is confined and forced to resist the exerted
loading. On the other hand, the constitutive curve for SCRBL1 is bilinear, where the sand
particles tend to move elsewhere when stressed, and unable to fully utilize the function of
steel core.

6. The proposed core-and-filler system with fully filled sand emerges as a strong alternative
for conventional LRB and LCRB bearings for its noticeable improvement in bearing
strength.
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