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Abstract

The research presented herein investigates the ability of an adaptive seismic isolation system to protect the structure built in
Bharuch, Gujarat, India subjected to earthquake ground motion. As Seismic hazards remain a challenge to engineers, to reduce
loss of life and damage to property due to earthquake, Seismic Isolation technique has been adopted which causes reduction in
earthquake forces by lengthening period of vibration of the structure. Seismic isolation for the structure was done using Lead
Rubber Bearings (LRB) with four basic requirements, i.e. effective stiffness, damping, acceleration response and shear. This
technical paper discusses performance evaluation of the Elastomeric isolators (LRB), based on tests carried out both on rubber
compound and full-scale devices to simulate and evaluate actual performance of Isolators. The building is of 4-storeyed
residential apartment was base isolated using LRBs. This study discusses the theoretical method or numerical analysis in ETABS
for selection of dimension of LRB as well as the laboratory tests to verify the properties. The isolator system performs three
functions: horizontal flexibility, energy dissipation and rigidity against normal lateral loads. The important isolator property;
effective stiffness, damping, displacements were evaluated as per both theoretical and experimental investigations. Several trials
have been conducted with respect to selection of dimensions, rubber hardness, shear modulus which is suitable to match the
target design base shear and displacement of structure during design basis and maximum credible earthquake. Finally the selected
LRB was found suitable to achieve the targeted base shear and displacement as per both numerical analysis and experimental
investigation.
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1. Introduction

The idea of base-isolation was to confine the seismic energy seismic protection systems that ensure essentially elastic be-
in a limited region of the structure as Conventional seismic havior of the structure during a major earthquake. A seismic
design was not acceptable because the structure must remain isolation system can also decouple the structure response from
fully functional during a major earthquake. Basically, protec- the ground motion with additional damping property for ab-
tion of the structure was guided by the installation of special sorption of energy into the structure. The isolated structure
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moves like a quasi-rigid body where no significant coupling
exists between the vertical and horizontal motions which ena-
bles a substantial simplification of the design. Isolation re-
quirement permits vertical seismic forces to be transmitted
through the structure without attenuation or amplification. It
makes the structure flexible allowing vertical and horizontal
movements during major earthquake in both DBE (Design Ba-
sis Earthquake) and MCE (Maximum Credible Earthquake)
conditions. So, the general properties of an isolator are:

a) Performance under all service loads, vertical and hori-
zontal, shall be as effective as conventional structural
bearings.

b) Providing enough horizontal flexibility in order to reach
the target natural period for the isolated structure.

c) Re-centering capabilities even after a severe earthquake
so that no residual displacements could disrupt the ser-
viceability of the structure.

d) Providing an adequate level of energy dissipation: in or-
der to control the displacements that otherwise could
damage other structural elements.

Mendez et. al. [1] evaluates Elastomeric Isolators through
tests on rubber compounds and full-scale devices, assessing
how well these tests represent actual isolator performance and
help estimate device durability and service life. Mahdi and
Behzad [2] showed that base-isolated RC buildings exhibit
response factors largely independent of member seismic de-
tailing, with far fewer plastic hinges than fixed -base counter-
parts. Afraa et al. [3] investigates the effect of ground motion
duration on the seismic response of base-isolated bridges. Do-
nato et al. [4] two base isolation systems are analyzed and their
seismic behavior is compared with reference to a multi-storey
reinforced concrete building. Yi et al. [5] showed that internal

2. General Properties of the Building
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resonance in hysteretically isolated frames drives strong mode
-to-mode energy transfer, shaping deformation and accelera-
tion demands. Sharma et al. [6] found that the performance of
high damping, low damping isolators varies with near and far
-field motions, highlighting the need for appropriate damping
selection or hybrid systems. Jara et al. [7] showed that the ef-
fectiveness of passive control systems in RC buildings varies
with height and distance from the Middle America Trench.
Kumar and Singh [8] highlighted key performance factors of
friction-based isolators and emphasized the need for adaptive
multi-surface systems. Lin et al. [9] proposed an EEW -acti-
vated smart base-isolation system that unlocks upon warning
to maximize isolation efficiency, with shake-table tests con-
firming significant reductions in seismic response. Das et. al
[10-12] highlighted that the force-displacement relationship
varies significantly depending on earthquake intensity, seis-
mic zone, and local soil properties, provides valuable insights
into how lead rubber bearings influence seismic performance
by reducing base shear and enhancing structural safety and
how varying damper properties can effectively control seismic
responses in both regular and irregular building configurations.
The study [13] shows that LRB base isolation markedly re-
duces seismic forces and improves flexibility in mid-rise RC
buildings compared with fixed -base designs. Demir et al. [14]
showed that fluid viscous dampers, LRB, friction isolators,
and their combinations greatly reduce drift, acceleration, and
torsional irregularity in a mid-rise RC building. Rahman and
Patel [15] showed that adding U-shaped dampers to natural

rubber bearings greatly boosts damping and energy dissipa-
tion, offering an effective adjustable isolation option.

Figure 1. Ground Floor Plan and Isolator IDs.

The structure is a 4-story residential apartment building
(Figure 1) which needed to be base isolated for seismic loads.
Isolation bearings (LRB) were placed in the open ground story
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(isolation story) over concrete pedestals. The work includes
engineering design of base isolation systems to achieve the
design target of base shear, displacements at Design Basis
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Earthquake (DBE) and Maximum Credible Earthquake

(MCE).

1) 40 no s columns in one building and two such type build-
ings have been base-isolated.
2) Soil type at the site location is black cotton soil Up to 6'
depth and after 6' it is yellow soil and after excavation of

Parameter

Length of Building
Width of Building
Height of Building
Floor name

Typ. Floor

Terrace

Stair Cabin
Parking

Plinth Beam
Section

Slab

Beam

Column (GF)

the site and foundation casting, the backfill soil is yellow

soil.

3) Built up area=355 sq. m on each floor. Height of build-

ing=24.1m.

4) Isolation level height=2.5m

Table 1. Dimensions of the residential building.

X (L)

Y (B)

(H)

Height (m)
3.00

3.00

3.00

3.60

2.50

Size In mm
130

230 X 450

300 X 600

Measurement

15.86
23.72
24.1

No. Floor
4

1

1

1

1

Storey level (conc. Grade)
M25

M25

M25

Unit

m
m

m

Total height (m)
12

3

3

3.6

2.5

The isolation level has been identified at plinth beam level at 2.5 m above ground level (Figure 2).

Site specification:

Column

i1

Isolation level

Tie Beam

Isolator (LRB)

Pedestal

|

Figure 2. Isolation level defined at plinth beam level.

1) Seismic zone —III as per standard division of earthquake
hazard zones in India (IS 1893 part 1).

2) Soil characteristics- Medium type.

3) Type of superstructure-Special Moment resisting Frame

(SMRF).

4) Importance factor of building-1.

3. Design Loads of Members of Building

The structure was analyzed without isolation system using
ETABS software. The following load combinations were used

to design the whole structure.

1) P1= Avg. loads under gravity condition (DL + 0.5LL)

95
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2) P2=Max. loads under gravity condition (DL + LL)

3) P3=Max. loads under seismic conditions (1.2DL + LL +

EQMCE)

4) PA=Min. loads under seismic conditions (0.8DL —

EQMCE)

5) P5=Avg. loads under seismic conditions (1.2DL + 0.5LL

+ EQMCE)

Where DL=Dead load, LL=Live load, EQMCE=Earth-

quake load at Maximum credible earthquake condition.
From the analysis, following results have been obtained:
1) Max vertical reaction on column= 1798 kN
2) Min vertical reaction on column= 120 kN

3) Total seismic weight of building, W= DL+0.5LL= 36354

kN

4. Target Properties of the Base Isolation
System

Lead Rubber Bearings (LRB) were used as isolator with ad-
ditional damping property (Table 2). It fulfilled the targeted
effective stiffness which is directly related to the time period
of vibration as well target reduction of base shear of the build-
ing by additional damping property of the LRB.

For analysis of the structure at DBE as well as MCE condi-
tion, site specific Response Spectrum has been used with re-
spect to the site characteristics mentioned in Figure 3. Spectral
acceleration value for DBE has been considered as half of
MCE.

Spectral acceleration (g)
o = I o o ©
N w - (%) [=a} ~

o
=

o

Site Specific Response Spectrum(MCE)

0.5 1 15

Time period (s)

2 2.5 3 35 4

Figure 3. Site specific response spectrum for Bharuch.

Table 2. Target properties of base isolated structure.

Property of LRB

Max Do for 1.5WL
Max DD at DBE
Max DM at MCE

Max DTM at MCE

Max TD
Max TM

Max. lateral force transmitted to
superstructure

(i.e. members above isolation level)

Equivalent Viscous Damping of
LRB at DBE

Recommended Value

6 mm
45 mm
110 mm

1.36 DM but not exceed-
ing 200 mm

2.50 sec
3.00 sec

0.039 W

Between 15% to 30% of
Critical

96

Property of LRB Recommended Value
Base shear at DBE 3.9% of W
Base shear at MCE 8.0% of W
Max displacement under 1.5 times
6 mm

of Wind load

Vertical load capacity (static)
Max tensile stress due to uplift
Min load capacity at DTM

Lateral force at DTM & 0.5DTM

1) Dp= Design displacement at DBE
2) Dm=Max displacement at MCE

3 times of P2
1 MPa

1798 kN
2.5% of W

3) Drm=Total max displacement at MCE

4) Tp= Time period at DBE
5) Tm=Time period at MCE


http://www.sciencepg.com/journal/jccee

Journal of Civil, Construction and Environmental Engineering

http://www.sciencepg.com/journal/jccee

5. Properties of Base Isolator Used; LRB
460-125

Lead Rubber Bearings consist of alternate layers of rubber
and vulcanized reinforcement steel plates of limited thickness
and a central lead core. The rubber/steel laminated bearing is
designed to carry the weight of the structure and make the
post-yield elasticity available. The rubber provides the isola-
tion and the re-centering. The lead core deforms plastically
under shear deformations, while dissipating energy through
heat. LRB acts as horizontal spring and altogether as parallel
combination of springs. It shares total seismic vertical load
and horizontal load through equal shear displacement.

F=F+F>+...... Fy
F=K x d, F1=Kixd, Fn = K, x d as K=K;+K+...... Ka
K, K; are effective stiffness of individual LRB and K is the
equivalent stiffness of the system.

Additional top and bottom plates were used for connection
with Lead rubber bearings block with structure.

Force (kN)

The dimensions & properties of LRB used in this project

are as follows:

1) Diameter of isolator= 460 mm

2) Diameter of Lead core=70 mm

3) Total thickness of Rubber=125 mm

4) Total thickness of Rubber block=229mm

5) Shear modulus of rubber= 0.9 MPa

Formula used for calculation of properties of LRB:

1) Total Effective stiffness, Ker= Y Kn

2) Characteristic strength of lead, Q4= Area of lead x Yield
stress of lead

3) Yield force of isolator, fy = Qg +Hy (Force on elastomer
for a displacement up to yield point)

4) Horizontal force on isolator at DBE, Vg = Qg+ Hq (Force
on elastomer at DBE displacement)

5) Horizontal force on isolator at MCE, V= Q4+ Hm
(Force on elastomer at MCE displacement)

6) Damping at DBE, &4 = (Energy dissipated per cycle/To-
tal elastic energy)

7) Energy dissipated per cycle, EDC = Area of hysteresis
loop

The hysteresis graph for Leab Rubber Bearings represents

the force-displacement interaction as shown in Figure 4.

Elastic energy Area /

/” Elastic energy Area

¥, | I

_— Displacement (mm)

Figure 4. Force-deformation interaction or hysteresis graph of LRB.

6. Analysis of System with Base Isolation

Total seismic weight was shared by all 40 isolators through
parallel spring combinations.

After doing trial and error, calculated design displacement
of LRBs at DBE is Dp=36 mm.

Where Dp = (g x Spectral acceleration ratio x Tp?)/ (damp-
ing factor x 4x?), [Reference: UBC 1997 edition 1658.3.2]

[Spectral acceleration value taken from Site specific Re-
sponse spectrum for corresponding Time period]

System Time period, Tp= (27 x sqrt (Seismic wt./ (Kerx g)))

Max displacement at MCE, Dty = 76 mm

Total system was analyzed following same procedure at

MCE also.

1) Total horizontal force of 40 isolators to be transferred to
structure is 1360 kN at DBE which is only 3.7% of total
seismic weight of the building.

2) Total horizontal force of 40 isolators to be transferred to
structure is 2690 kN at DBE which is only 7.4% of total
seismic weight of the building.
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Figure 5. System analysis is done considering all LRBs as horizontal
springs placed parallelly.

Analysis has been done in ETABS design & analysis soft-
ware using following methods (Figure 6):
1) Response spectrum (RS) using site specific data
2) Non-linear time history (NLTHA) using Bhuj accelero-
gram data matched to target site specific response spec-
trum

Figure 6. Analysis model (isolated using LRB) in ETABS.

The LRBs have been modelled as “Link” system at each
column and the linear and non-linear properties including ini-
tial stiffness, yield force, post-yield stiffness ratio have been
provided for analysis with RS and NLTHA method.

The fixed support base shear is 20% on seismic weight as
per RS and 17% as per NLTHA analysis.

After several trial designs using different dimensions (plan

of bearing, rubber height), shear modulus of rubber, area of
lead core, the dimensions, properties of LRBs have been de-
fined. The properties of elastomer and lead core are derived
based on the dimensions, shear modulus, height etc.

As per analysis, the properties of LRB 460-125 to fulfil the
design base shear are mentioned in Table 3.

Table 3. Results from the analysis of the isolated building.

Property

Effective stiffness at DBE
Effective stiffness at MCE
Characteristic strength of lead
Yield force

Initial stiffness

Damping at DBE

Max vertical load capacity at MCE
Base shear at DBE

Base shear at MCE

Value

1.87 kN/mm
1.77 kKN/mm
40.4 kKN

48 kN

4.75 kN/mm
28%

2364 kN
3.7% of W
7.4% of W
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Property

Max displacement under 1.5 times of Wind load
Vertical load capacity (static)
Max tensile stress due to uplift

Lateral force at DTM & 0.5DTM

Through a lot of trial & error processes, finally LRB with
460mm diameter and 125 mm of total rubber thickness has
been chosen. The following graphs represent the change in
stiffness, time period and displacement of LRB with change
in diameter (Figure 7-9).

40
o0 o
°
g 30 ..00
g ® o
= 20
[}
g
g 10
=
&
50

400 500 600 700 800 900 1000
Diameter of LRB [mm]

Figure 7. Displacement variation with change in diameter.

R s Y

Stiffness [KN/mm]

(=)

400 500 600 700 800 900 1000
Diameter of LRB [mm]

Figure 8. Stiffness variation with change in diameter.

1.7
1.5
13
1.1
0.9
0.7

0.5
400 500 600 700 800 900 1000

Time petiod [s]

Diameter of LRB

Figure 9. Time period variation with change in diameter.

Value

5.74mm

7 times of P2
0.75 MPa
6.13% of W

From above graphs, it has been observed that increment of
diameter causes increment of effective stiffness as well as dec-
rement of Design displacement for the same structure and time
period. As the purpose of base isolation was to lengthen the
time period, diameter cannot be increased here.

If diameter is reduced even up to 400 mm, the max vertical
load criteria at max displacement will not be satisfied.

The total thickness of rubber cannot be increased due to
limitation in available height in structure.

If shear modulus of rubber is increased without changing
all other parameters, design base shear percentage will in-
crease as at the same displacement, elastomer will require
more force to recenter for higher shear modulus value and will
result in larger base shear (Figure 10, 11). Again, the other
purpose of base isolation is also to reduce horizontal force
which will be transferred to structure during earthquake\. So,
shear modulus which was considered for this structure was
rightly chosen.

= 30
en
8 25
< 2
¥
=
E 15
G
m 10
0.4 0.6 0.8 1 1.2

Shear modulus [MPa]

Figure 10. Damping variation with change in shear modulus.

w2 P
th 4= h

Base shear [%]

[5)
=
.

0.6 0.8 1 1.2
Shear modulus [MPa]

Figure 11. Base shear variation with change in shear modulus.
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Site Specific Response Spectrum
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Figure 12. Period shifting with change in time period of the structure.

Finally, the purpose of using LRBs as base isolation system
has been achieved. Acceleration response was reduced by pe-
riod shifting.

Natural period of structure= (0.075 x 24%75) =0.81s [Ref. Cl.
NO. 7.6 of IS 1893: 2002]

Lengthened period of structure = 1.48s. at DBE.

Lengthened period of structure = 1.51s. at MCE.

Total horizontal force at both DBE and MCE level was sig-
nificantly reduced by using LRBs. Max horizontal force trans-

ferred to structure is 7% of total seismic weight of the building.

Actual Horizontal force without using LRBs,

(g x Spectral acceleration ratio x Tp)/ (damping factor x 4n%)
= 4264 kN [as per soil and site specification based on UBC
1997-vol-2]

7. Testing of Lrbs

Testing was done for both Prototype and production bear-
ings. The following tests were conducted at Sismalab, Italy
(prototype) and mageba factory at Howrah (Production con-
trol). Testing was done according to Project specification,
UBC 1997-vol 2 and EN 15129.

1) Raw material Test

100

2) Compression stiffness

3) Combined compression-shear

4) Shear performance test with ramp loading

Quad Core Test: 3 quad core samples were tested at various
temperatures from 0°C to 40°C and various shear strains rang-
ing from 2% to 300%. Sample was prepared as per ASTM
DA4014 standard. Dynamic shear modulus and damping were
measured for 3rd Cycle.

Figure 13. Quad core testing machine.

Compression Test: Compression test was done with a max
compressive stress of 14 MPa maintaining for a period of 10
min and 1 hr. Compression stiffness was measured with each
load increment of 2 MPa.
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Isolator LRB 460-125
FPC Test Protocol, Compressive Stiffness

L4 1562.62, 1.285
1.2 1245.6, 1.1275
//
| 934.06, 0.97
g =
g 624.36, 0.7875
g 08 >
2 310.64, 0.5925
£ 06 -~
g
o
% 04
% .
-
]
0.2 o
Compressive Stiffness:
1807.9 kN/mm
0
0 200 400 600 800 1000 1200 1400 1600 1800
Force (kN)

Figure 14. Compressive stiffness test for full scale LRB.

Combined compression and shear test: Combined compression-shear test was done with a vertical load of 8.55 MPa and a

displacement up to design displacement (3 cycles).

Isolator LRB 460-125
FPC Test Protocol, Combined Compression & Shear

250

200

150

Force (kN)

-60

100

-100

-150

-200

Displacement (mm)

60

3rd Cyele parameter:

Fofrme (Couple) = 3.90 kN/mm
Kermin (Couple) = 3.01kN/mm
Forme (Single) = 1. 90kN/mm
Fagrmn (Single) = 1.96 kKN/mm

EDC (Couple) = 12.013 kN-m
EDC (Single) = 6.006 EN-m

Figure 15. Force-Displacement Plot of LRB (Prototype).

For isolators, combined compression-shear test was carried
out with a max load of 11.6 MPa and a displacement of Max
displacement as per project specification.

The horizontal characteristics were measured and plotted
for each test of compression-shear for each bearing. The value
of effective stiffness and damping for each bearings was
within the range of +20% of average value which was the cri-
teria as per UBC-1997-vol 2 and project specification.

101

Isolator was working fine and there was no sign of failure
even after extreme displacement tested for 3 cycles for both
sinusoidal input and Ramp loading.

The above hysteresis loop area clearly shows and proves the
performance of the isolators with respect to damping value. It
achieved 25-28% damping at 45mm displacement (DBE)
which clearly matches the target values in the design.
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8. Comparison Between Analytical and
Experimental Results

The comparison has been made on two primary properties;

effective stiffness and effective damping at DBE displacement
(dbd) as per both analytical and theoretical results. These two
major properties will have significant contributions in calcu-
lation of base shear using LRBs.

Table 4. Comparison between analytical and experimental results.

Property Analytical value Experimental value Difference Allowable difference as per standard
Effective stiffness, Keff 1.87 kKN/mm 1.96 KN/mm 5% 20%
Effective damping, £bd 28% 25% 10% 20%

The difference between analytical and experimental is well
within the limit, hence the LRB system proposed as base isolators
are validated to achieve the desired reduced base shear in seismic.

9. Conclusion

The structural design presented confirms base isolation as
effective seismic disaster mitigation technique in enhancing
the performance of residential apartment building, and that its
use reduces total construction cost by reduction of structural
acceleration response in case of earthquake. By providing an
alternative to conventional earthquake resistance design
measures, it saves the major strengthening works which would
otherwise be required, if the benefits of energy dissipation and
damping were not incorporated in the design. The application
of Base isolation system as Seismic protection technique sig-
nificantly reduces seismic risk without compromising struc-
tural safety, reliability and economy. Above all, the effective-
ness of use of LRB as isolation system has been proved satis-
factorily. Further investigation can be executed for full scale
testing of building model along with isolators using real time
earthquake ground acceleration.

Abbreviations
DL Dead Load
LL Live Load
EQMCE Earthquake Load at MCE
P1 Avg. Loads Under Gravity Condition

P2 Max. Loads Under Gravity Condition
P3 Max. Loads Under Seismic Conditions
P4 Min. Loads Under Seismic Conditions
P5 Avg. Loads Under Seismic Conditions
Dp Design Displacement at DBE

Dm Max Displacement at MCE

Drm Total Max Displacement at MCE

Tp Time Period at DBE

Twm Time Period at MCE

Dp Design Displacement at DBE
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F Total Horizontal Force of Isolators

F, Horizontal Force of Individual Isolators

Ka Effective Stiffness of Individual Isolators

Kesr Equivalent Stiffness of All Isolators

Qu Yield Force of Lead Core

fy Yield Force of Isolator

Hy Force on Elastomer for a Displacement up to

Yield Point

Hq Force on Elastomer at DBE Displacement

Hm Force on Elastomer at MCE Displacement

Vid Seismic Shear Force at Dd

VEd Seismic Shear Force at Dm

Cod Effective Damping at Dd

EDC Energy Dissipated per Cycle
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