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Abstract

Seismic isolation is a mature and effective method of reducing earthquake-induced building damage.
However, applications of this technology are limited to special and important structures, predomi-
nantly in the developed world, due to the associated high costs.

An experimental study of a spherical rubber seismic isolator is presented herein. The cost of these de-
vices is sufficiently low that their wide-spread application in low-income countries seems economical-
ly viable. Using a closely spaced grid of such spheres may require only a thin, lightly-reinforced
diaphragm slab above the isolation level, further reducing construction costs. Avoiding the cost of this
extra slab is crucial to make seismically isolated low-rise buildings economically feasible in poor re-
gions of the globe.

The examined seismic isolation bearings are based on rolling, with rubber spheres rolling on concave
(spherical) or flat concrete surfaces. Concave concrete surfaces provide restoring force to the isolated
structure through gravity. In contrast, in the case of flat concrete surfaces, no restoring force is ap-
plied. Rubber spheres offer increased damping and better stress distribution in the contact areas than
spheres made using stiffer materials. This work investigated the effects of the geometry of the rolling
surface (i.e., flat or concave), the diameter of the rolling sphere (i.e., 50 or 100 mm), and the applied
compressive load on the seismic behavior of these isolation bearings. Initially, the rubber isolators
were subjected to monotonic uniaxial compression to examine their behavior under vertical loading.
Subsequently, cyclic tests were performed to obtain the lateral force-displacement diagram of the iso-
lation system. It was found that the coefficient of rolling friction depends on the axial load, and the
diameter of the spheres. The governing parameter for the design of the rubber spheres is not material
failure, but excessive compressive deformation that leads to undesirably high rolling friction. Overall,
experimental results proved the efficiency of the investigated system in terms of decreasing the inertia
forces transmitted to the superstructure.
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1 INTRODUCTION

Seismic isolation [1,2] is a seismic response modification technique, which uncouples the
motion of the structure from the ground shaking. This is achieved by placing a low-stiffness
or slippery layer at the base of the structure. This elongates the dominant eigenperiod of the
structure, reducing the applied accelerations and, thus, the inertial forces. The main drawback
is that it leads to increased displacements; however, these displacements are localized at the
isolation level, with the interstory drifts maintaining low values. The three key concepts that a
seismic isolation scheme should fulfill are: 1) Sufficient bearing capacity under vertical (gravi-
ty) loads, ii) sufficient flexibility in the horizontal direction to uncouple the motion of the
structure from the ground motion, iii) energy dissipation [3]. An important design considera-
tion is that, when seismic isolation is used, the superstructure should be designed to remain
essentially elastic. Previous studies [4,5] proved that this is not a conservative design, but a
necessity, emerging from the dynamics of base-isolated structures.

Modern applications of rolling seismic isolation systems focused on isolation of precious
equipment, where the supported mass is expected to be low. The rolling spheres were mainly
made of steel or rubber, and the supporting plates were made of concrete or steel [6-10]. The
geometry of the supporting plates was either conical or concave, providing restoring force
through gravity. Even though the efficiency of isolation devices is acknowledged, the imple-
mentation of these technologies is limited due to the associated high cost. The high cost origi-
nates from a) the cost of the isolation devices and b) the cost of the extra slab required at the
isolation level. Finally, the high weight of these devices (can reach 1 ton per device) demands
the use of lifting equipment, further increasing the complexity of the construction [11]. There
have been numerous attempts to reduce the cost of seismic isolation devices [12-27, among
others].

This work focuses on the recently published work by Cilsalar and Constantinou [28-30],
who essentially suggested a Friction Pendulum System (FPS bearing) based on rolling instead
of sliding (Figure 1). It comprises two concrete surfaces and a stiff rubber sphere (with or
without a steel core) that rolls in between. The system is indeed low-cost, as the rubber balls
can be obtained for low price. However, it still requires an extra slab above the isolation de-
vices — hence, the overall cost still remains prohibitive for low-rise buildings in low-income
countries. This paper suggests the use of a grid of closely-spaced rubber spheres. Using a grid
could allow the construction of a thin, lightly reinforced diaphragm, reducing the construction
cost (Figure 2). Moreover, since several spheres are used, each sphere supports a lower verti-
cal force (weight); therefore, one could use spheres with smaller diameter, made of rubber
material of lower stiffness, and without a steel core.

Figure 1: Low-cost rubber rolling isolator, tested by Cilsalar and Constantinou [28-30].
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Figure 2: Schematic representation of the low-cost seismic isolation proposed in the present study.

Harizontal Section

This study presents the compressive and cyclic behavior of low-cost rolling rubber isolators.
The cyclic behavior is quantified using a half-scale system of four isolators, capped with a
slab. Parameters of investigation are the diameter of the rubber sphere (i.e., 50 mm or 100
mm), the geometry of the concrete plate (i.e., flat or concave), and the supported weight (i.e.,
2.08 kN, 3.23 kN or 4.74 kN).

2 EXPERIMENTAL SETUP
2.1 Testing equipment and instrumentation

Cyclic tests were performed using the shake table of the ETH [31] as an actuator. The
shake table is a stiff steel box with dimensions of 1 x 2 m, operated by a servo-hydraulic actu-
ator of 100 kN, which acts only in one direction. The stroke, maximum velocity, and maxi-
mum payload is 240 mm, 220 mm/second, and 7.5 tons, respectively. Before testing, the
accuracy of the shake table was assessed by performing preliminary tests and comparing the
applied to the expected motion, with the two being closely correlated.

The experimental setup is shown in Figures 3 and 4. Four isolators (i.e., four pairs of con-
crete plates) were placed on top of the shake table. A 30mm-thick steel slab was mounted on
the top plates, and weight was placed on top of it. The slab was connected to a stiff column
via two rigid struts to constrain its motion along the table axis (x) and around the vertical axis
(z). Side stoppers and a rail in the middle prevented the slab from moving out of plane. Varia-
ble weight in the form of steel beams was placed on top of the structure to apply vertical load
on the bearings. In all configurations, the bottom concrete plates were flat. In some configura-
tions, hereafter characterized as “concave,” the top rolling surfaces were spherical.

The plates were made of unreinforced concrete with fine aggregate since steel reinforce-
ment increases cost and construction time, making implementation harder in developing coun-
tries. The geometry of the plates is shown in Figure 5.

The radius of curvature of the concave concrete plates (R) was R = 750 mm. In plan view,
the diameter of the concave concrete plate was 350mm. A commercial low-cost M15 concrete
mix was selected, with a maximum aggregate size of 4 mm. The mean compressive and flex-
ural strength was equal to 27.62 MPa, and 4.63 MPa, respectively, tested according to EN
1015-11 (1993) [32]. The utilized rubber spheres were made of natural rubber (NR), with a
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shore hardness of 85A. The cost of the 50 mm and 100 mm diameter spheres was 3 $ and 178,

respectively [33].
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Figure 3: Schematic representation of the utilized experimental setup

Figure 4: View of the experimental setup
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Figure 5: Schematic representation of the utilized concave concrete plates (dimensions in mm); a) Plan and side
views, b) 3D view

2.2 Tested configurations and similitude laws

Walls of modern unconfined masonry houses in Cuba weight 2.80kN/m?. Assuming a wall
height of 2.8m, gives an unfactored weight of the masonry wall of 7.8kN/m. A 10 cm roof
slab at a typical 5x5 m room would add 3kN/m to each wall, giving a total weight of 11kN/m.
Assuming isolators placed every 1 m, the vertical load of each isolator is 11kN.

The tests were designed assuming a geometrical scaling of S;=1:2=0.5. Therefore, to pre-
serve similitude of stresses the force scaling factor is Sp=S,2=4 [34].

Rubber spheres of 50 and 100mm diameter were tested. Three compressive loads (2.08 kN,
3.23 kN or 4.74 kN per sphere in the model scale) under 2 rolling surface geometries (flat/flat
and flat/concave) were planned. This corresponds to a total number of 12 configurations.
However, due to a limitation of the experimental setup, the spheres with a diameter of 50 mm
were tested only with flat concrete plates and with the lower two weight configurations (2.08
kN and 3.23 kN per sphere). A summary of the tested configurations appears in Table 1. Ta-
ble 2 summarizes the relevant quantities in the model and prototype scale.

Diameter of Rubber

Weight per sphere (kN) Geometry of Concrete Spheres (mm)
Plates
100 50
508 Flat Tested Tested
' Concave Tested Not tested
393 Flat Tested Tested
' Concave Tested Not tested
474 Flat Tested Not tested
' Concave Tested Not tested

Table 1: Summary of the tested configurations
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Quantity Model Scale Prototype Scale

Radius of concave concrete plates 750 mm 1500 mm
Eigenperiod of concave concrete plates 1.74 sec 2.46 sec
Plan view diameter of the concave isolator 350 mm 700 mm
Diameter of large rubber spheres 100 mm 200 mm
Diameter of small rubber spheres 50 mm 100 mm

Vertical load 2.08,3.23,4.74 kN 8.32,12.92, 18.96 kN
Amplitude of cyclic test +100 mm +200 mm

Table 2: Summary of the main quantities of the experimental model and the corresponding prototype structure

3 TEST RESULTS

3.1 COMPRESSION TESTS

The first part of the experimental investigation comprised monotonic uniaxial compression
tests to characterize the response of the rubber spheres under vertical loading (Figure 6). The
compression tests were conducted using displacement control. This corresponds to a dis-
placement rate of 0.33 mm/sec and 0.167 mm/sec for the rubber spheres with a diameter of
100 mm and 50 mm, respectively. The compression tests revealed that material failure is not a
critical design parameter, since the utilized spheres can sustain very high vertical load, with-
out material failure. The critical design parameter is expected to be the excessive deformation
and the associated shape change. Under high vertical loading, the shape of the rolling rubber
isolators is no longer spherical; thus, the rolling friction coefficient (i.e., the ratio of horizon-
tal-to-vertical force to initiate rolling) reaches high values.
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Figure 6. Results of the compression tests of rubber spheres; Left: full view of the tests; Right: Detailed view
for the load levels that correspond to the configurations tested in the cyclic tests

3.2 CYCLIC TESTS

The second part of the experimental procedure comprised cyclic testing of the various con-
figurations of rolling isolators. All configurations were subjected to sinusoidal displacement,
with an amplitude of 100 mm and a frequency of 0.2 Hz. The isolators were subjected to at
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Figure 7. Influence of the vertical load on the cyclic response. Top-left: Spheres with a diameter of 100 mm
and flat concrete plates, Top-right: Spheres with a diameter of 100 mm and one concave concrete plate, Bottom:
Spheres with a diameter of 50 mm and flat concrete plates

least three cyclic loops, whereas in some cases, more cycles were applied to investigate the
possible deterioration of the rolling spheres. All spheres were preloaded for seven days before
testing with a load equal to the load they supported during cyclic testing, so that much of their
creep is completed.

Figures 7 and 8 present normalized force — deformation loops for different vertical loads.
The rolling friction coefficient is defined as u=0/W, where Q is the force at zero displacement
and W is the weight carried by the bearings. An increase of the vertical load or a reduction of
the diameter of the sphere leads to an increased rolling friction coefficient. Moreover, the ra-
tio of the horizontal-to-vertical force increases for all levels of displacement, with the isola-
tion system dissipating more energy (i.e., larger area included in the cyclic loops).

During the first cycle, the spheres exhibit slightly stiffer behavior, whereas after the second
cycle, the loop becomes stable, and no further softening is observed. Figure 9 compares the
response of flat and concave bearings. Unexpectedly, they exhibit a similar behavior. A pos-
sible explanation is that 7 days of creep have resulted in the rubber spheres taking an oval
shape that is maintained for the loading rate of the tests. Stiffness originates from the rise of
the top plates as the isolator is sheared. It seems that the rise due to the oval shape of the rub-
ber is more important than the one because of the spherical shape of one of the plates. Note,
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that the applied displacements cause rotations equal to only 57.3°and 114.6° on the 100mm
and 50mm spheres respectively, that is they do not make even half of a full turn. Hence, to
explore the behavior at larger displacements, an extrapolation cannot be performed and more
tests are needed.

It is worth noting that some cyclic plots include negative-stiffness branches, which are ei-
ther monotonic or alternating with positive-stiffness branches. These observations are con-
sistent with the observations of Cui et al [6], who tested similar isolators under lower vertical
load levels.

Finally, one of the cyclic plots (W = 2.08 kN, D = 100 mm, Flat concrete plates) demon-
strated significant fluctuations, with these fluctuations being consistent over the cycles. Simi-
lar behavior has been observed by Nikfar and Konstantinidis [35] in tests of equipment
supported on caster tires and is called “flat spotting” and they require further study.

In all cases, the rolling friction coefficient maintained low values, sufficient for seismic
isolation applications. A summary of the rolling friction coefficient for each case appears in
table 3. The coefficient of friction will be reduced if harder rubber is used.

4 CONCLUSIONS

This paper presents an experimental study on the cyclic and compressive response of low-
cost bearings comprising balls rolling of concrete surfaces. Placing the spheres below the
walls of the structure at a dense grid would only require the construction of a thin, lightly-
reinforced isolation diaphragm, instead of the massive slab that is now required. This is cru-
cial to make seismic isolation affordable in low-income countries.

A half-scale model of prototype bearings was tested, comprising four isolators capped with
a slab. Parameters of investigation were the vertical force on each rolling isolator (i.e., 2.08
kN, 3.23 kN, or 4.74 kN), the geometry of the rolling surface (i.e., flat or concave) and the
diameter of the rolling sphere (i.e., 50 mm or 100 mm).
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Figure 8. Influence of the diameter of the spheres on the cyclic response, using flat concrete plates. Left: Ver-
tical load of 2.08 kN, Right: Vertical load of 3.23 kN
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Figure 9. Influence of the geometry of the concrete plates on the cyclic response of spheres with a diameter
of 100mm. Top-left: Vertical load of 2.08 kN, Top-right: Vertical load of 3.23 kN, Bottom: Vertical load of 4.74
kN

Diameter of Rubber . Rolling Friction
Sphere (mm) Vertical Load (kIN) Concrete Plate Coefficient (%)
Flat 6.1
2.08 Concave 7.1
Flat 8.9
100 3.23 Concave 8.2
Flat 13.7
4.74 Concave 10.7
50 2.08 Flat 13.2
3.23 Flat 17.6

Table 3: Summary of the rolling friction coefficient of the various tested configurations
Vertical loads up to a representative value for low-rise masonry building in the developing

world were applied. Experimental results proved the efficiency of the investigated system in
reducing the inertia forces transmitted to the superstructure, with the rolling friction coeffi-
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cient (i.e., the ratio of horizontal to vertical force at zero displacement) being in the range of
6.1-17.6 %, thus, suitable for seismic isolation applications.

An increase in the vertical load or a reduction of the size of the sphere leads to a more de-
formed shape of the isolator, hence, to an increased rolling friction coefficient.

For the displacements considered, the influence of the concrete plate (i.e., flat or concave)
i1s marginal since the deformed shape of the rolling isolator dominates the response. More
tests are needed to understand the behavior of the system at larger displacements.
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