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The performance of a well-designed layer of sand,
geo-grid, geo-textiles and composites like layer of sand
mixed with shredded tyre (rubber) as low-cost base
isolators is studied in shake table tests in the labora-
tory. The building foundation is modelled by a
200 mm x 200 mm and 40 mm thick, rigid plexi-glass
block. The block is placed in the middle of a 1 m x 1 m
tank filled with sand. The selected base isolator is
placed between the block and the sand foundation.
Accelerometers are placed on top of the footing and
foundation sand layer. The displacement of the footing
is also measured by transducers. The whole set-up is
mounted on the shake table and subjected to sinusoi-
dal motion with varying amplitude and frequency.
Sand is found to be effective only at very high ampli-
tude (>0.65 g) of motion. Among all the different
materials tested, the performance of a composite con-
sisting of sand and 50% shredded rubber tyre placed
under the footing is found to be the most promising as
a low-cost, effective base isolator.

Keywords: Base isolation, earthquake protection, shake
table test, shredded rubber tyre.

To find an economical and feasible way of designing new
structures or strengthening existing ones for protection
from damages during an earthquake is one of the chal-
lenges in civil engineering. The conventional approach to
seismic hazard mitigation is to design structures with
adequate strength and ability to deform in a ductile
manner. Over the past two decades, newer concepts of
structural vibration control, including seismic isolation,
installation of passive and active/semi-active devices'
have been growing in acceptance. Traditionally, earth-
quake-resistant design of low- to medium-rise buildings
is particularly important, as their fundamental frequencies
of vibration are within the range where earthquake-
induced force (acceleration) is the highest as found dur-
ing the Mexico City Earthquake’. One possible means to
reduce the degree of amplification is to make the building
more flexible’. In low to medium-rise buildings, this nec-
essary flexibility can be achieved by the use of base
isolation techniques. The primary mechanism for the
reduction of shaking level in a base isolation method is
energy dissipation.

*For correspondence. (e-mail: sengupta@civil.iitkgp.ernet.in)
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Rubber bearings offer the simplest method of base iso-
lation and are in use for the past three decades’. Lami-
nated rubber bearings, which are made by vulcanization
bonding of sheets of rubber to thin steel reinforcing plates
or lead plugs, are currently the most commonly adopted
system owing to the fact that they are stiff in the vertical
direction and flexible in the horizontal direction. There
are several examples of using this strategy for earth-
quake-resistant construction in the US, Chile, Indonesia,
New Zealand, Italy, China and Japan. However, these
methods of base isolation are not so affordable in a coun-
try like India. Thus development of low-cost, natural base
isolation system is necessary.

The concept of low-cost and effective earthquake pro-
tection techniques using natural materials like sand has
been studied in the past®'®. The use of a synthetic liner
consisting of an ultra molecular weight, polyethylene,
non-woven geo-textile, placed in the foundation of a
structure, was also found to be an effective way of reduc-
ing seismic ground motion'"'2. Soil reinforced with
rubber demonstrates an increase in energy dissipation
capability'®. The feasibility of using shredded rubber
mixed with sand as a natural base isolator was also stu-
died'*". This communication presents results of experi-
mental studies into the performance of a layer of sand,
geo-grid, geo-textile and sand mixed with shredded rub-
ber tyre as low-cost base isolation system.

The laboratory model tests were performed on a
1 m x 1 m shake table. The table is shaken sinusoidally in
a uniaxial horizontal direction by a 2800 rpm and 7 HP
DC motor. A slotted circular mild steel disc of 300 mm
diameter and 20 mm thickness is bolted to another circu-
lar disc of the same size (used as a support to the slotted
disc). The supported disc is connected to the shaft of a
motor. A steel crank shaft 500 mm long and 20 mm in di-
ameter is connected to the slotted disc by bolts. The other
end of the crank shaft is connected to a reciprocating rod,
500 mm long and 20 mm in diameter. The amplitude of
sinusoidal motion can be varied by changing the position
of the crank shaft in the calibrated slot of the disc. The
other end of the reciprocating rod is connected to the base
plate of the shaking table. The reciprocating rod is kept in
the horizontal position during the motion by a bracket
support. The speed of the motor can be controlled from a
panel board which essentially consists of an electrical
variant. The shaking table has a maximum stroke length
of 150 mm and a peak frequency of 50 Hz.

The laboratory model tests are performed inside a
Imx1mx0.5m (length x width x height) rectangular
test box made up of 12 mm thick Perspex glass sheets.
The sides of the box are fixed rigidly with steel angles to
prevent any movement. The model box is fixed to the
base plate of the shaking table with bolts so that no rela-
tive movement can occur. This base plate is fitted with
smooth wheels which slide in the horizontal direction on
two parallel rails. The three sides of the box are covered

1038

with 30 mm thick thermocol sheets to minimize the
reflection of the waves at the boundary. Sand particles are
glued to the bottom surface of the model box to generate
surface roughness, so that there is no slippage along the
bottom surface during shaking. The whole test set-up is
shown in Figure 1.

In the laboratory model tests, a typical isolated build-
ing foundation or square footing is scaled down eight
times (scale factor, A = 8) geometrically and modelled by
a 200 mm x 200 mm and 40 mm thick, rigid, plexi-glass
block. The basic objective of the study is to find a
low-cost yet effective base isolator for medium-storied
buildings. For this reason, the transmissibility of the base
isolator under the foundation is of major concern. Hence,
the overall complex response of the structure, foundation
and ground is not studied. The normal stress (normal
load) on the foundation due to the super structure is
imparted by a number of steel plates (weights) bolted on
top of the plexi-glass block. A typical normal stress of
2 kPa has been considered here on top of the footing.
This vertical load represents scaled column load coming
from a typical four-storied residential building. A coarse
sand paper is glued to the bottom side of the footing
block to model the roughness of the footing. In the labo-
ratory shake table tests, the test container is first filled
with sand up to 200 mm height and compacted to a rela-
tive density of 65%. The mass density of the foundation
soil is not scaled in this study. The model footing is then
placed in the middle of the test box on top of the com-
pacted sand foundation. The test box along with the sand
foundation and the model footing are shaken by sinusoi-
dal motions of given amplitude and frequency. Details of
shake table arrangement are shown in Figure 1.

The acceleration responses during shaking are measured
using accelerometers. Two accelerometers are mounted
on the base plate of the shake table to measure the hori-
zontal and vertical vibrations. The measurement in the
vertical direction is made only to keep track of the verti-
cal component of the motion, if any, generated by the
table. Two other accelerometers are fixed on the walls of
the test box. One accelerometer is placed at the founda-
tion of the model footing and the other on top of the
model footing. A sound and vibration meter is used for
data acquisition. No scaling of the acceleration is done in
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Figure 1. Test set-up.
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this study. However, the frequency is scaled by 1°° and
time is scaled by A°°.

A system calibration has been initially done to check
the performance of the experimental set-up before start-
ing the work. The objective of the calibration is to verify
that the amplification produced by the system is negligi-
ble. The loading sequence used for the system calibration
consists of 10 sec of horizontal sinusoidal motion with
peak acceleration of 0.1 g at 4.65 Hz frequency. No sig-
nificant amplification of the system is registered during
the loading and the system appears to behave linearly
throughout the loading history. The vertical vibration of
the shaking base plate and the model box is also meas-
ured. The magnitude of the vertical vibration (0.0075 g)
of the base plate is less compared to the horizontal input
motion and cannot significantly affect the test results.
The natural frequency of the base plate along with the
test container and the soil slope is determined experimen-
tally by subjecting the whole test set-up to motion and
then allowing it to shake freely until it stops on its own.
The natural frequency of the whole test set-up is around
40 Hz, which is much higher than the predominant fre-
quency of the system. Details of the calibration process
are given in Giri and Sengupta'®.

The first series of tests is performed with the model
footing placed on top of the sand layer at the middle of
the container. The second series of tests is performed
with a geo-grid and a geo-textile placed between the
model footing and the sand foundation in the test tank.
The third series of the tests is performed with the shred-
ded rubber tyre and sand mixture in different proportions
as base isolator under the model footing. Before the
second and third series of tests, a 20 mm deep square
excavation in sand of size 250 mm x 250 mm is con-
structed. In the second series of tests, the square geo-grid/
geo-textile of 250 mm x 250 mm size is placed at the
bottom of the excavation and the excavation is then back-
filled with the same sand. The model footing is placed
over this backfilled sand after proper compaction. In the
third series of tests, the shredded rubber tyre and sand in
predetermined proportion (by weight) are mixed thor-
oughly by hand. The excavation in the sand foundation is
then filled with the shredded rubber tyre and sand mix-
ture in three equal layers. Each of the layers is compacted
by hand tools to the desired density to avoid undesirable
settlements. The model footing is then placed over the
shredded tyre and sand mixture. Several proportions of
shredded tyre in the shredded rubber tyre-sand mixture
have been considered. But only the performance of sand
mixed with 50% shredded rubber tyre has been reported
here, as it yielded the best result.

The shake table along with the experimental set-up is
shaken in the horizontal direction by sinusoidal motion of
amplitude 0.15, 0.3, 0.4, 0.6 and 0.8 g. The frequency of
motion is varied from test to test to study the effective-
ness of the seismic isolators at different frequencies of

CURRENT SCIENCE, VOL. 107, NO. 6, 25 SEPTEMBER 2014

motion. The different frequencies considered here are 1.5,
3.5 and 4.5 Hz. For each specified motion, the vertical
and horizontal accelerations of the shake table in addition
to those on top of the foundation sand layer and on top of
the model footing are also recorded. Each motion is con-
tinued for at least five cycles to ensure that the system
has reached a steady-state condition. A typical input base
motion is shown in Figure 2. In all the cases, the results
for the first few cycles are only shown for clarity of the
presentation.

The performance of sand as a base isolator has been
studied for the given base motion mentioned earlier. In
this case, the model footing is resting directly on top of
200 mm deep sand layer within the test tank. The sand
used in the study is uniform and medium grained sand
(Kansai River sand). It is classified as poorly graded sand
(SP) according to the Unified Soil Classification System.
The specific gravity of the sand is 2.7. The maximum and
minimum dry unit weights are 16.6 and 14.1 kN/m’ res-
pectively. In all the tests, the relative density of the sand
foundation within the test chamber is maintained at 65%.
The shear strength (effective cohesion, ¢’ and effective
friction angle, ¢') of the sand, as obtained from the labo-
ratory direct tests, are given by ¢’ =0 and ¢ ' = 36°.

Figure 3 a shows the transmitted peak accelerations at
the top of the footing resting on sand with respect to the
peak acceleration of the base motion for different ampli-
tudes of motion (keeping the frequency constant at
3.5 Hz). The figure shows that at and around 0.6 g ampli-
tude of base motion, the sand beneath the model footing
starts to dampen the base motion. This is accompanied by
a sliding movement of the model footing. Figure 35
shows the footing response at 1 g amplitude of base
motion. The damping effect of the sand in the foundation
at this high amplitude of motion can be easily observed
from the figure. The maximum amplitude of the footing
response reduces to 0.7 g for the 1 g base motion. The
relative displacement of the footing is also noticeable at
this high amplitude of motion. Figure 3 ¢ shows the relative
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Figure 2. A typical input base motion (amplitude =0.3 g and fre-
quency = 3.5 Hz).
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Figure 3. Performance of the footing resting on sand. a, Transmitted acceleration at the top of the footing for 0.3 g and 3.5 Hz base motion.
b, Acceleration at the top of the footing for 1 g and 3.5 Hz base motion. ¢, Relative displacement of the footing for 1 g and 3.5 Hz base motion.
d, Response of the footing at different amplitudes of motion keeping frequency constant at 3.5 Hz.

displacement of the footing when shaken at 1 g. The
footing is found to displace back and forth by + 5.43 mm
during the 1 g base motion. At the high amplitude of base
motion, the relative displacement of the footing over the
sand foundation triggers frictional resistance at the inter-
face between the footing and the sand foundation. As the
dynamic interface frictional resistance (about 0.6) is
exceeded, the footing starts to slip over the sand, which
in turn absorbs some of the energy of the base motion and
this results in the dampened response of the footing as
observed in Figure 3 b. Figure 3d shows the response
spectra of the model footing resting on the sand at
various amplitudes of motion. Note the shifting of the
response curve to the right side at high amplitude of
motion. This may be due to the slight reorientation (slip-
page) of the footing on the sand bed at high amplitude of
motion. Thus the sand layer in the foundation behaves as
an effective base isolator only at high amplitude (above
0.6 g in these cases) of base motion.

Consider the case when a geo-grid/geo-textile is placed
underneath the model footing and on top of the sand
foundation. The geo-grid used in the present study is an
extruded polymer mesh made using high-density poly-
ethylene (HDPE) with square openings of size 1.5 mm x
1.5 mm. The mass of the geo-grid is 140 g/m® and its
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thickness is 0.28 mm. The ultimate tensile strength is
4 kN/m. The secant modulus of the geo-grid at 5% strain
level is 62 kN/m. The geo-textile utilized here is a
200 gsm non-woven material. The ultimate tensile
strength of the material is found to be 2.3 MPa. The size
of the both geo-grid and geo-textile are 250 mm x
250 mm, that is, 25 mm bigger than the model footing in
all directions.

Figure 4 a and b show the responses of the footing rest-
ing on geo-grid and geo-textile respectively, when sub-
jected to base motion at a constant frequency of 3.5 Hz.
Figure 4a shows that the geo-grid chosen is actually
amplifying the base motion transmitted to the top of the
footing. As may be seen from the figure, the peak accel-
eration at the top of the footing is 0.45 g corresponding to
base motion of 0.4 g at 3.5 Hz frequency. The response of
the model footing resting on the geo-textile is marginally
better than the footing resting on the geo-grid. As may be
seen from Figure 4 b, the peak acceleration transmitted to
the top of the footing is 0.35 g corresponding to the base
motion of 0.4 g, applied at a frequency of 3.5 Hz.

The shredded rubber tyre used for the study was ob-
tained from a local shop. The shredded rubber tyre is het-
erogeneous in nature. Each thread has different aspect
ratio. The maximum length of a rubber thread is 10 mm

CURRENT SCIENCE, VOL. 107, NO. 6, 25 SEPTEMBER 2014



RESEARCH COMMUNICATIONS

with a diameter of about 1 mm. The heterogeneous nature
of the shredded rubber and coarse sand, in fact, helps in
reducing the void ratio and achieving a desirable compac-
tion to reduce settlement of the model footing.

Four different proportions (by weight) of shredded
rubber tyre — 10%, 20%, 30% and 50% in sand have been
utilized in this study as potential low-cost base isolators
under the model footing. However, only the results of
50% shredded rubber tyre-sand mixture have been pre-
sented here, since this case exhibits the best results under
the present scenario. The static shear strengths of the
sand and sand mixed with different proportions of shred-
ded rubber tyre were determined in the laboratory using
standard direct shear tests. As the percentage of shredded
tyre mixture increases, the effective friction angle (¢') is
found to decrease. The effective cohesion (c¢’) of the mix-
ture is found to increase with increase in the percentage
of shredded rubber tyre. The shear strength of the sand
only is given by ¢' =0 and ¢' = 36°, while for the sand
mixed with 50% (by weight) shredded rubber tyre, the
shear strength is given by ¢’ =30 kPa and ¢’ = 30°. The
maximum and minimum dry unit weights are 10.0 and
7.72 KN/m® respectively. Table 1 summarizes the unit
weight and shear strength of the sand and sand mixed
with different proportions of shredded rubber tyre.

The laboratory test results show that the unit weight
and the effective friction angle decrease with the addition
of shredded tyre in the sand. However, the cohesion starts
to pick up with increase in the percentage of shredded
tyre in the sand. Thus the net bearing capacity, though
decreases initially with the addition of shredded tyre, ac-
tually increases significantly for 30% and 50% shredded
tyre mixture due to increase in cohesion. But as the
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Figure 4. Response of footing resting on top of geo-grid and geo-

textile to 0.4 g and 3.5 Hz base motion. a, Response of footing resting
on top of geo-grid. b, Response of footing resting on top of geo-textile.
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percentage of shredded tyre in sand increases beyond
50%, the unit weight and shear strength decrease signifi-
cantly and settlement (punching failure) during the load-
ing becomes an issue. The bearing capacity and the
settlement of the model footing at the end of a cyclic test
are shown in Table 1. The shear strength results of sand
mixed with different proportions of shredded rubber tyre
are in agreement with the published results'*°. Ahmed"’
found increase in shear strength up to 39% shredded
rubber tyre in the sand—rubber tyre mixture. Beyond 39%,
he noticed decline in shear strength. The difference in the
proportion of rubber tyre in the mixture after which it
becomes unstable might be due to the different types of
sand used in the study'’.

In all of these cases, a 20 mm deep square excavation
in the sand of 250 mm x 250 mm in size is constructed
before the tests. This excavation is then filled with the
shredded rubber tyre and sand mixture in correct propor-
tion in three equal layers. The model footing is then
placed over the shredded tyre and sand mixture (Figure 5)
after proper compaction with hand tools. As done for the
previous cases, in this case also the whole test set-up is
shaken on the shake table for the previously stated sinu-
soidal motion.

Comparison of the peak acceleration at the top of the
model footing resting on sand mixed with 20%, 30% and
50% of shredded rubber tyre and the peak acceleration of
the input (measured during the tests) base motion is
shown in Figure 6 a as well as in Table 2. It may be seen
that the attenuation of the base acceleration is maximum
when the proportion of shredded rubber tyre in the sand is
50%. No attenuation of motion is noticed at 0.15 g. How-
ever, attenuation of the base motion increases signifi-
cantly with increase in the magnitude of the base motion
for the case of 50% shredded rubber tyre in sand. When
the percentage of shredded rubber tyre in the foundation
is increased beyond 50%, the footing starts to wobble and
becomes unstable.

Figure 6 b shows the response spectra of the footing
resting on various percentages of shredded rubber tyre

Figure 5. A view of the model footing (with surcharge load on top)
resting on a base isolator consisting of 50% sand and 50% shredded
rubber tyre.
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Table 1. Material properties, net bearing capacity and settlement of sand and tyre mixtures
Material Unit weight Cohesion Friction angle Net bearing Settlement of foundation block
(kKN/m*) ¢’ (kPa) @' (deg.) capacity* (kPa) at the end of motion” (mm)
Sand 16.7 0 36 173 0.85
Sand + 20% shredded tyre 14.5 0 34 120 2.38
Sand + 30% shredded tyre 12.0 20 32 1037 3.02
Sand + 50% shredded tyre 10.0 30 30 1235 3.33
*For the model footing. “Differential settlement found to be negligible for all the cases.
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Figure 6.

Performance of the model footing resting on sand and 50% shredded rubber tyre. @, Comparison of transmitted acceleration at the top of

the footing resting on sand and 20%, 30% and 50% shredded rubber tyre for 0.4 g and 3.5 Hz base motion. b, Response of footing resting on sand
and 20%, 30% and 50% shredded rubber tyre for 0.4 g and 3.5 Hz base motion. ¢, Comparison of the acceleration on top of the footing resting on
sand and 50% shredded rubber tyre with the base motion of 0.3 g at 3.5 Hz. d, Relative displacement of the model footing resting on sand and 50%

shredded rubber tyre for base motion of 0.3 g at 3.5 Hz.

and sand and compares them with the response spectra of
the footing resting on the sand. The initial peak in the
response curves is most probably due to the vibration of
the system at low frequency range and it may be ignored.
The response curves show increase in damping behaviour
due to increase in percentage of shredded rubber tyre in
the sand. When compared with the response of the foot-
ing resting on sand, a shift in the natural frequency is
noticeable (Figure 6 ¢). This might be due to the introduc-
tion of a 20 mm thick layer of sand and shredded rubber
tyre mixture under the model footing. The relative dis-
placement of the model footing for the case of the footing
resting on sand and 50% shredded rubber tyre is found to
be about + 1.8 mm for 0.3 g base motion at 3.5 Hz fre-
quency as shown in Figure 6 d.

The test results show that, unlike in sand, even at small
amplitude of base motion, the response of the model foot-
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ing is remarkably less than the base motion. In these
cases, the sand rubber mixture dissipated base motion
energy through slip deformation, and also some amount
of energy is absorbed by the sand rubber mixture which
results in dampened response of the footing. The isolating
layer consisting of sand mixed with 50% shredded rubber
tyre is quite effective in dampening the cyclic base
motions. Figure 6 attests to the effectiveness of the sand
mixed with 50% shredded rubber tyre as a base isolator
for cyclic motions. The test conducted with higher than
50% shredded rubber tyre in sand shows instability even
at very small amplitudes of base motion. The model
footing with 2 kPa surcharge pressure on top begins to
wobble at the initial stage of the test and the test is dis-
continued. The tests with higher surcharge loads indicate
that the stability of the model footing increases with the
higher surcharge loads.

CURRENT SCIENCE, VOL. 107, NO. 6, 25 SEPTEMBER 2014



RESEARCH COMMUNICATIONS

Table 2. Attenuation of base motion at different percentages of

shredded rubber tyre in sand

Attenuation of motion at different percentages
of shredded rubber tyre in sand

Peak base motion (g) 20 30 50
0.15 0.15 0.15 0.15
0.3 0.27 0.26 0.23
0.4 0.38 0.35 0.32
0.5 0.48 0.45 0.43
0.6 0.57 0.51 0.48
0.7 0.65 0.59 0.52

The sand in the foundation of the model footing
is found to be ineffective as a base isolator at low ampli-
tude (<0.6 g) of base motion. However, at higher ampli-
tude (>0.6 g) of motion, it is quite effective in reducing
the motion transmitted to the footing. At 0.8 and 1 g, the
acceleration at the top of the model footing shows a
remarkable decrease and this is accompanied by back and
forth displacement of the footing over the sand founda-
tion. At 1 g of motion, the amplitude of this displacement
is observed to be about £ 5.43 mm.

The shake table tests with the model footing resting on
a 20 mm layer of sand and shredded rubber tyre show that
the proportion of shredded rubber tyre should be 50% (by
weight) to yield significant favourable results. When the
proportion of the shredded rubber tyre is 50%, the res-
ponses of the model footing are found to be significantly
less than the motion of the foundation and the shake
table. When the percentage of rubber is further increased,
the model footing is found to wobble (unstable) at 0.3 g
motion.

All the tests are conducted in a rigid container mounted
on a uniaxial shake table. The proximity of the rigid
boundaries definitely has some effect on the footing res-
ponses, but attempts have been made to minimize them
by fixing 30 mm thick thermocol sheets at the inner
boundaries of the container to minimize the reflection of
the waves.

A base isolating system can be effective in two ways:
(1) by reducing the input motion that the structure is sub-
jected to and (ii) by shifting the predominent frequency
of the structure from that of its base motion, so that reso-
nance of frequency cannot be achieved. This communica-
tion only addresses the base isolation by dampening of
the input motion. Since all the input motions of the shake
table are sinusoidal with a given frequency, the shifting
of the frequency of the model footing during a test could
not be studied. This important aspect of the base isolation
system will be investigated in the next phase of the study.

The results presented here are based on small-scale
model study in the laboratory. More detailed study on
full-scale models is necessary before it can be imple-
mented in real-life situations.
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