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This paper focuses on the large-scale experimental investigation of a novel, highly efficient, low-cost and easily
constructible seismic isolation system, defined as PVC-Rollers Sandwich (PVC-RS) seismic isolation. The pro-
posed system is based on the placement of spherical roller bearings between two PVC surfaces in a sandwich
configuration. This configuration triggers a desirable rolling behaviour between the rollers and the PVC surfaces,
thus isolating the motion of the structure from the ground excitation. The large-scale shaking table investigation
of the seismic response of a scaled-down masonry and a scaled-down steel model of a seismically isolated pro-
totype structure using PVC-RS has unveiled the activation of the rolling behaviour of the structure at a desirably
low acceleration amplitude of 0.05g-0.1g. The reliability of this low-acceleration response of the structure was
confirmed for ground motion excitations of different amplitudes and frequency characteristics. The experi-
mentally tested variation on the amount, the material and the diameter of the roller bearings allows for the
implementation of different design alternatives of the presented system, according to the seismic design re-

quirements and the seismic performance objectives for each location.

1. Introduction

Seismic isolation is a response modification strategy aiming at the
decoupling of the response of buildings and bridges from the motion of
the ground during an earthquake excitation and thus the protection of
these structures from seismic damage. Subsequently, the design of an
efficient seismic isolation system is inextricably linked with the deter-
mination of an energy dissipation mechanism which triggers this
decoupling behaviour at a reasonably low peak ground acceleration.

The engineering concept of seismic energy dissipation through the
inclusion of a thin granular layer between selected structural members
was utilized for the first time many centuries ago. Greek and Roman
temples, Chinese and Japanese Pagodas [1] and Persian monuments,
such as the Tomb of Cyrus [2] were constructed by blocks designed to
slide against each other during an earthquake ground motion excitation.

During the last decades, the decoupling behaviour of several highly

engineered seismic isolation devices [3,4] has been analytically [5-7]
and experimentally [8-12] investigated. These investigations have led
to the design and development of a wide range of efficient seismic
isolation systems, which have been applied in many developed countries
worldwide. However, the highly engineered processes required for the
construction of these systems and the necessity for the construction of an
additional slab designed to transmit the seismic load uniformly to the
seismic isolation devices make these systems resource- and cost-
demanding compared to conventional structures. Subsequently, a
large amount of conventional structures worldwide are designed to
maintain their seismic response in the elastic range with a strength
reduction factor g=1, as a means of engineering a zero-earthquake-
damage design solution. However, the elastic design of structures in-
creases significantly the construction cost of these structures.

In light of these limitations, the extension of the application of
seismic isolation to a broader range of structures and countries
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necessitates the development of easily constructible and cost-effective
seismic isolation solutions. The aim of this study is to propose an
innovative, highly efficient, low-cost seismic isolation system that is
easily constructible and applicable to a large number of countries
worldwide. This system can lay the basis for a low-cost design alterna-
tive to the elastic design of structures with g=1.

Several researchers have explored a potential cost reduction of the
current seismic isolation techniques by using materials that can be easily
resourced or recycled. Tsang et al. [13] and Tsiavos et al. [14] have
investigated the use of a sand-rubber foundation layer consisting of
recycled rubber below structures as a low-cost sliding seismic isolation
strategy for developing countries. A similar soil-based sliding system
was experimentally investigated by Banovic et al. [15], while Nanda
et al. [16] explored the frictional characteristics of marble and geo-
synthetics. The use of recycled rubber as a low-cost seismic isolation was
extended to unbonded fiber reinforced elastomeric isolators by Spiz-
zuoco et al. [17], Habieb et al. [18,19], Toopchi-Nezhad et al. [20] and
Ping et al. [21]. The influence of the isolation degree on the seismic
reliability and life-cycle costs of a seismically isolated structure was
investigated by Castaldo et al. [22]. Yegian and Katakal [23] and Yegian
and Katan [24] proposed the use of smooth synthetic liners below the
foundation of a structure or between soil layers as a sliding seismic
energy dissipation mechanism. Tsiavos et al. [25,26] proposed a novel
PVC ‘sand-wich’ (PVC-s) sliding seismic isolation for developing coun-
tries, comprising a thin layer of sand, which is sandwiched between two
PVC surfaces.

Albeit important focus has been made on the investigation of sliding
low-cost seismic isolation strategies, a commensurate depth of research
has not been invested on the dynamics of rolling as a means of low-cost
seismic isolation of structures.

The mechanics of sliding-rolling behavior between various elements
and interfaces has been widely investigated and utilised for the seismic
protection of structures in the past. Coulomb [27] demonstrated that the
frictional resistance of a rolling wheel is proportional to the vertical load
acting on the wheel, and inversely proportional to the radius of the
wheel. The attractively low frictional values obtained during the rolling
motion of steel hard spheres over rubber surfaces have been first illu-
minated by Tabor [28] and Eldredge and Tabor [29]. Greenwood et al.
[30] shed light into the exact mechanism that triggers the rolling motion
of these spheres by attributing this low rolling resistance to significant
hysteresis losses due to the deformation of rubber.

The aforementioned attractive frictional characteristics attributed to
the rolling motion of spherical bearings have been utilized on the
investigation and design of several highly manufactured rolling-based
seismic isolation systems. The evolution of the application of these
mechanisms to seismic isolation of structures was summarized by Har-
vey and Kelly [31]. Chung et al. [32] developed an analytical model
elucidating the efficiency of rolling energy dissipation mechanisms for
seismic isolation of structures. Tsai et al. [33] conducted shaking table
tests on the seismic behaviour of isolated bridges using steel rolling
seismic isolation devices. A similar seismic isolation system using steel
spheres rolling over rubber sheets has been experimentally validated by
Harvey et al. [34]. Cilsalar and Constantinou [35] illuminated the reli-
ability of rolling seismic isolation systems compared to the existing
sliding systems due to their independence from hysteretic or frictional
heating when proposing a novel rolling seismic isolation system based
on urethane spherical seismic isolators with a steel core. Foti and Kelly
[36], Foti et al. [37] and Foti [38] have introduced and experimentally
investigated a seismic isolation concept based on the rolling of steel
cylinders between two rubber surfaces, utilizing the favourable rolling
mechanics on the interface of these materials examined by Tabor [28].
These favourable rolling characteristics on the steel-rubber interface
were analytically substantiated by Menga et al. [39].

Nevertheless, the existing efficient, yet highly manufactured, rolling
seismic isolation technologies do not integrate the beneficial rolling
characteristics of the individual elements and interfaces in a low-cost
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and easily constructible seismic isolation system.

Along these lines, the aim of this study is the experimental large-scale
shaking table investigation of a highly efficient, low-cost and easily
constructible seismic isolation. The investigated seismic isolation,
defined as PVC-Rollers Sandwich, comprises a sandwich configuration
based on the rolling of spherical bearings, sandwiched between two PVC
surfaces. The dynamic response of two different three times-scaled down
seismically isolated structures is investigated at the shaking table of
University of Bristol: A steel model structure and a masonry model
structure. The two different model structures are subjected to unidi-
rectional and threedimensional earthquake ground motion excitation of
different amplitudes. This investigation provides a comprehensive basis
for further investigations in the future towards the development of a
highly efficient, low-cost and easily constructible seismic isolation
strategy.

2. Seismic isolation of the prototype structure

A prototype structure corresponding to a low-rise masonry structure
designed using the PVC-Rollers Sandwich seismic isolation system is
presented in Fig. 1.

The prototype 4 mx6 m masonry structure consists of four 25 cm
thick masonry walls, based on a 20 cm thick concrete slab. A light roof is
supported by the four 2.5 m tall masonry walls as a means of engineering
a low mass at the top of the structure, leading to a minimum seismic
demand.

The proposed PVC-Rollers Sandwich (PVC-RS) configuration is pre-
sented in Fig. 1: A predetermined amount of spherical roller bearings is
sandwiched between two 6 mm thick PVC sheets. The roller bearings are
roughly uniformly distributed on the surface of the bottom PVC sheet.
The upper PVC surface is placed on the top of the distributed roller
bearings. The concrete slab can be either casted on the upper PVC sur-
face using lateral restraints during the casting process or pre-casted in
connection with the PVC sheet and then placed on the top of the
distributed roller bearings. The use of steel or borosilicate glass roller
bearings is proposed in this study due to their low cost and availability in
a wide range of countries worldwide. The two different roller bearing
types are presented in Fig. 2. The diameter of the steel roller bearings
used in this study is 6 mm, while the corresponding diameter for glass
ballotini bearings is 2.5 mm.

The construction process related to the implementation of the PVC-
RS seismic isolation system on the prototype structure is the
following: A 20 cm deep excavation is performed first to enable the
placement of a 15 cm thick hardcore layer as a rigid base and a 5 cm
thick sand layer below the bottom PVC surface of the PVC-RS configu-
ration. The importance of the placement of the 5 cm thick sand layer
below the structure is dual: First, the increase of the reliability of the
seismic isolation system, due to the addition of a second, pure-sliding
seismic isolation mechanism which could be activated at a PGA = 0.3
g according to Tsiavos et al. [25,26]. This sliding mechanism can be
activated between the bottom PVC sheet and the sand layer in case the
first PVC-RS rolling mechanism is not activated. Second, the mobiliza-
tion of a PVC-sand sliding isolation mechanism can be designed to
inhibit a potential excessive rolling-sliding displacement due to the
activation of the low-friction PVC-RS mechanism. The restraining force
in this case would emerge from the higher friction coefficient between
PVC and sand (approximately 0.3) compared to the low-friction char-
acterizing the PVC-roller interface. An additional restraining mechanism
consisting of a 20 cm thick, 30 degrees inclined gravel layer placed
above the surrounding soil at a distance of 100 cm from the foundation
boundaries is designed to impede excessive rolling or sliding displace-
ments of the structure. A polythene membrane is placed between the
sand layer and the hardcore layer to prevent any exchange of material
between the sand layer and the surrounding soil.

The use of two alternative seismic isolation mechanisms, a rolling
isolation between the upper PVC surface and the sandwiched rollers and
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Fig. 2. (a) Steel and (b) glass ballotini bearings used for the PVC-RS seismic
isolation proposed in this study.

a sliding isolation between the bottom PVC surface and the sand foun-
dation layer are not the only seismic protection mechanisms proposed in
this study. The addition of steel ties, each fixed on the outer sides of two
opposite masonry walls of the structure and the attachment of a steel
mesh to both sides of each wall of the structure are additional seismic
protection mechanisms aimed at the seismic protection of masonry
structures below the earthquake intensity level, at which the seismic
isolation mechanisms are activated. Both protection mechanisms are
selected to prevent the structure from an out-of-plane failure, which is a
commonly observed source of seismic damage in masonry structures.
The placement of a light roof on the top of the structure and the use of
high-strength mortar between the brick joints are additional seismic
protection mechanisms focusing on the decrease of the seismic mass
(and seismic demand) and the increase of the shear resistance (and
seismic capacity) of the masonry structure, respectively.

3. Experimental setup
3.1. Design and construction of the experimental setup
The experimental setup, shown in Fig. 3, comprises the large-scale

investigation of a scaled-down 2.3tons masonry model of the proto-
type structure at the shaking table of University of Bristol. The
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horizontal dimensions of the structure are three times scaled-down
compared to the prototype structure. The height of the model struc-
ture is 1 m.

The size of the clay bricks used for the construction of the model
structure is 10 cmx6 cmx21.5 cm and the thickness of the cement
mortar joints is 1 cm. These dimensions follow at 1:1 scale the brick sizes
and mortar thicknesses of the prototype structure, chosen to simulate
common practices in the construction of low-cost masonry structures.
The cement to sand ratio value used for the cement mortar is 1:4, leading
to an experimentally determined compression strength value of f; mortar
= 6.6 MPa. This strength value was obtained through compression tests
of mortar prisms conducted at University of Bristol.

A reinforced concrete slab with a thickness of 20 cm was designed to
facilitate the foundation of the masonry model structure and its crane
transportation to and from the shaking table through lifting anchors
during the experimental investigation.

The constructed masonry model structure characterized by the
aforementioned mechanical and geometrical properties is based on a 20
cm thick reinforced concrete slab. The PVC-Rollers sandwich configu-
ration presented in Fig. 1 is implemented in the model structure using
one upper 2mx1.3 m, 6 mm thick PVC sheet, 2000 sandwiched steel
roller bearings with a diameter of 6 mm weighing 1.2 kg and two bottom
2 mx1.3 m, 6 mm thick PVC sheets, positioned symmetrically along the
centroid of the bottom slab. The tensile strength of the PVC material at
yield is 55Mpa, while its modulus of elasticity is 3100 MPa. The ball
indentation hardness of the surface of the PVC sheet is 82 MPa. The
roller bearing surface density with respect to the area of the upper PVC
surface that is projected on the bottom PVGC surface is 800 rollers/m?>.
This surface density value corresponds to a low fraction (2.5%) of the
maximum roller surface density of 32,000 rollers/rnz, which can be
theoretically achieved by the rollers of this diameter. The upper PVC
surface is attached to the bottom of the concrete slab, thus emulating the
connection of the two materials after the casting of the concrete slab on
the PVC-based, permanent formwork.

A 3mx3m, 5 cm thick sand layer with properties shown on Table 1
was placed below the bottom PVC surface as a foundation layer intended
to create the desirable performance objectives discussed in the design of
the prototype structure. The thickness of the layer was selected to
minimize potential soil-structure interaction effects [40], which could
inhibit the sliding-rolling response of the structure. The deposition of the
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Fig. 3. Overview and side view of the designed experimental setup.

Table 1
Properties of the Leighton Buzzard 14-25 sand used in this study.
Specific Void Void Mean size C,= Cy= D3/
gravity G ratio emqx  Tratio emin  Dsp (mm) Déo/D10 DeoD1o
2.65 0.84 0.53 0.883 1.439 0.996

sand was performed with zero-height drop, thus creating an experi-
mentally derived sand density value of 1580 kg/m>. Four C-shaped
girders are fixed on the edges of the shaking table and a polythene
membrane is placed between the girders and the sand layer to facilitate
the formation of a box below the structure, capable of preventing any
leakage of material during the shaking table excitation.

The deposition of steel roller bearings above the bottom PVC layer of
the constructed experimental setup is shown in Fig. 4. The steel roller
bearings are placed with a zero-height drop on the bottom PVC layer,
thus impeding the potential rolling of the steel bearings out of the

1593

boundaries defined by the desirable contact surface between the con-
crete slab and the bottom PVC layer. Emphasis is given on the
achievement of the maximum possible uniformity in the deposition of
the steel bearings below the structure. This deposition aims at creating a
uniform distribution of the vertical loading and stresses on the steel
roller bearings, which is optimal for the activation of the rolling resis-
tance of the bearings at the lowest rolling friction coefficient [28-30].
A steel wire mesh with a grid of 50 mmx50 mm and four steel ties
with a diameter of 6 mm were attached to the structure, implementing
the additional seismic protection mechanisms proposed in this study. A
timber ring beam is mechanically attached to the top course of the bricks
to allow the fixation of four steel ties as lateral restraints against the out-
of-plane failure of the walls. A gypsum coating is used as a plastering
layer above the steel mesh to create a uniform contact between the steel
mesh and the wall, while a light white paint is used as the external
coating layer on the walls of the constructed structure, shown in Fig. 5.
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Fig. 5. (a) Overview and (b) Side view of the constructed experimental setup.

3.2. Instrumentation

The attachment of 27 uniaxial accelerometers and 100 displacement
markers to the walls of the experimentally investigated model structure
facilitates the continuous monitoring of the acceleration and the
displacement time history response of the structure during the shaking
table motion. Three infrared cameras are used to track the movement of
the applied displacement markers in three directions, thus allowing the
capturing of the three-dimensional motion of the structure. The applied
instrumentation and the corresponding instrumentation plan are shown

= displacement sensors
= accelerometers

Fig. 6. Side view of the instrumentation plan.
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in Figs. 5 and 6, respectively.

3.3. Dimensional analysis

The extrapolation of the results obtained from a ground motion
excitation of a scaled-down model to the prototype structure requires
the conduction of dimensional analysis. This study has determined three
dimensionless ratios, shown on Table 2, which should be maintained
between the model and the prototype structure to facilitate the simili-
tude in the obtained results: First, the dimensionless strength ratio
IT;=ug/PGA (u being the static friction coefficient and g the acceleration
of gravity) expresses the strength of the rolling-sliding interface with
respect to the Peak Ground Acceleration. The equality between the
friction coefficient u obtained for the model structure and the prototype
is satisfied through the design of the model structure to be subjected to
the same vertical foundation stress o', = 9 kPa with the prototype.

Table 2
Dimensionless ratios and design parameters used in the dimensional analysis.
Dimensionless Similitude Design Similitude
ratios (Prototype to parameters (Prototype to
model) model)
;= ug/PGA 1:1 Length L [m] 1:3
My =T,/T, 1:1 Fixed-base 1:1
period Ty [s]
I3 =t/h 1:1 Vertical stress 1:1

o’y [kPa]
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Therefore, the strength ratio I1; is maintained between the model and
the prototype structure, subjected to ground motions of a predetermined
Peak Ground Acceleration. Second, the vibration period ratio Il = T /
T, determining the relation between the flexible-base period T’y of the
structure over the predominant period of the excitation Tg, defined as
the period where the 5% velocity spectrum attains its maximum [41].
The model structure has been designed to have the same fixed-base
period T, = 0.1 s with the prototype structure. The conduction of
white-noise tests with amplitude A = 0.05g and vibration frequency
range f = 0-100 Hz in the direction of the applied ground motion
excitation has shown that the corresponding flexible-base period of the
structure T, = 0.125 s is close with the fixed-base value. Hence, the
vibration period ratio 15 is preserved between the model and the pro-
totype structure, subjected to ground motions of a predetermined pre-
dominant period T,. Third, the dimensionless ratio I3 = t/h expressing
the thickness of the walls t over their height h in the model and the
prototype structure. The construction of the walls of the model structure
with a thickness t = 10 cm and height h = 100 cm satisfies the preser-
vation of this ratio II3 = 0.1, with respect to the prototype structure with
walls of a thickness t = 25 cm and height h = 250 cm.

3.4. Testing protocol

The testing protocol of the dynamic investigation of the seismic
response of the presented model structure consist of four different am-
plitudes of the Chi-Chi 1999 recorded ground motion excitation, ob-
tained from the PEER strong ground motion database [42]. This ground
motion record was selected as a ground motion record, characterized by
a broad frequency content. The response spectrum of the ground motion
record is rich in both the short and the high frequency range and can be
viewed in the study of Tsiavos et al. [25,26]. The scaling of the recorded
motion to four different Peak Ground Acceleration levels: 0.2 g, 0.4 g,
0.6 g and 0.8 g allows the determination of the response of the isolated
structure to different earthquake intensity and hazard levels. The char-
acteristics of the applied scaled ground motion ensemble are shown on
Table 3. All the presented motions have been applied in the Y-Direction
of the experimental setup shown in Figs. 3, 5 using the 6-DOF shaking
table of University of Bristol.

4. Shaking table investigation of the response of a seismically
isolated masonry structure

The presented masonry model structure is first excited by the Chi-Chi
1999 ground motion excitation with an amplitude of 0.2 g (No. 1 on
Table 3). The applied shaking table motion is shown in Fig. 7.

The effect of the uniformity in the distribution and the corresponding
vertical pressure on the steel roller bearings with a diameter of 6 mm is
illustrated through the comparison of the response of the structure for
two different roller bearing surface density values: A surface density of
200 rollers/m? corresponding to stress concentration and non-uniform
pressure on the steel rollers and a surface density of 800 rollers/m?
corresponding to a more uniform pressure on the steel roller bearings.

Table 3
Testing protocol of recorded earthquake ground motions used for the excitation
of the masonry structure (PEER NGA Database, 2018 [42]).

No. Date Earthquake and M, R Component  Scaled PGA
Site (km) ®
1 21/9/ Chi-Chi, 7.6 269 CHYO080-E 0.2
1999 CHY080
2 21/9/ Chi-Chi, 7.6 269 CHYO080-E 0.4
1999 CHY080
3 21/9/ Chi-Chi, 7.6 2.69 CHYO080-E 0.6
1999 CHY080
4 21/9/ Chi-Chi, 7.6 269 CHYO080-E 0.8
1999 CHY080
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The acceleration time history response recorded on the top of the
structure is presented in Fig. 7. As shown in the figure, the maximum
acceleration of the structure in the case of uniform pressure on the
bearings is 0.05 g, corresponding to a reduction ratio R = 0.2 g/0.05 g =
4 with respect to the Peak Ground Acceleration of the applied ground
motion. However, the corresponding maximum acceleration response of
the structure isolated with a smaller amount of steel roller bearings with
non-uniform vertical pressure is the same with the applied ground mo-
tion, namely 0.2 g. The difference in the response of the two different
roller bearing configurations is attributed to the activation of a rolling
seismic isolation mechanism for the steel rollers under uniform pressure,
which remains inactive in the case of stress concentration on the steel
rollers. The attachment of steel ties and steel mesh on the investigated
masonry structure enabled its seismic protection for the case of 200
rollers/m? (Fi g.7), in which the seismic isolation was not activated. This
rolling displacement (relative to the shaking table motion) reaches a
maximum of 12 cm for the uniformly pressed rollers, as shown in Fig. 8.
The corresponding displacement of the structure isolated with unequally
loaded rollers relative to the shaking table motion is zero, thus con-
firming the absence of observed rolling response for this roller config-
uration at this seismic intensity level.

The excitation of the structure by the same ground motion, scaled at
a higher intensity level of 0.4 g (No. 2 on Table 3) confirmed the trends
shown for the amplitude of 0.2 g: The maximum acceleration of the
structure isolated with uniformly loaded rollers, shown in Fig. 9, was
0.05 g, thus reducing the ground motion acceleration to a reduction
ratio of R = 0.4 g/0.05 = 8. The corresponding maximum acceleration
for a non-uniform pressure on the rollers was approximately 0.2 g,
leading to a reduction ratio of R = 0.4 g/0.2 g = 2 compared to the
applied motion. However, the activation of a rolling isolation system at a
higher acceleration level (0.2 g) for the non-unifromly loaded rollers is
not necessarily unfavorable: It can lead to the design of a more hori-
zontally stable structure, which is more resistant to the action of wind
forces. The presentation of a variety of experimentally derived responses
of the presented seismic isolation system aims at providing different
design alternatives, thus offering a desirable freedom to the civil engi-
neering community to decide on the optimal configuration of the pro-
posed system. This decision should be based on the geometry of the
isolated structure, its performance objectives, the seismic hazard level
and the wind excitation on the location.

The activation of the rolling behaviour of the uniformly loaded steel
rollers at a lower level of friction compared to the non-uniform loading
of the rollers is demonstrated in Fig. 10: The uniformly pressed rollers
manifest rolling at the 9th second of the motion, reaching a maximum
displacement of 15 cm and a residual displacement of 12 cm. In contrast,
the rolling displacement of the unequally loaded rollers relative to the
shaking table is triggered on the 18th second of the motion (Fig. 10b),
leading to a maximum displacement of 10 cm and a residual displace-
ment of 7 cm. The remarkable sliding displacement of seismically iso-
lated structures subjected to long-period seismic excitation has been
observed by Ordonez et al. [43], Castaldo and Tubaldi [44], Tsiavos
et al. [45-47] and Tsiavos and Stojadinovic [48].

The initiation of sliding when the applied ground motion accelera-
tion exceeds the value of 0.05 g for the uniformly loaded rollers is
consistently and systematically presented through the sudden increase
of the horizontal rolling displacement of the structure (relative to the
motion of the shaking table) at this acceleration level shown in Figs. 8,
10 and 12.

The effectiveness of the proposed seismic isolation system for the
case of the masonry structure (Fig. 3) isolated with steel roller bearings
(Fig. 2a) and subjected to two of the ground motion records presented in
this study (No 1, 2 as shown in Table 3) is summarized through the use of
the acceleration reduction ratio R = PGA/max|ag|. The values of this
ratio, defined by the Peak Ground Acceleration over the maximum of the
acceleration of the isolated structure ag (sliding base) are summarized
for different ground motion records and different surface densities of
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Fig. 7. (a) Full and (b) enlarged acceleration time history response on the top of the masonry structure (mean value of M1, M2 in Fig. 6) due to the applied Chi-Chi
1999 recorded ground motion excitation with PGA = 0.2 g (No. 1 on Table 3) for varying roller surface density values.
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Fig. 8. (a) Full and (b) enlarged rolling horizontal displacement time history response of the masonry structure (relative to the shaking table motion) due to the
applied Chi-Chi 1999 recorded ground motion excitation with PGA = 0.2 g (No. 1 on Table 3) for varying roller surface density values.
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Fig. 9. (a) Full and (b) enlarged acceleration time history response on the top of the masonry structure (mean value of M1, M2 in Fig. 6) due to the applied Chi-Chi
1999 recorded ground motion excitation with PGA = 0.4 g (No. 2 on Table 3) for varying roller surface density values.
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Fig. 10. (a) Full and (b) enlarged rolling horizontal displacement time history response of the masonry structure (relative to the shaking table motion) due to the
applied Chi-Chi 1999 recorded ground motion excitation with PGA = 0.4 g (No. 2 on Table 3) for varying roller surface density values.

Table 4

Values of the acceleration reduction ratio R for different ground motion records
and different surface densities of rollers/m? (Ground motion ensemble shown in
Table 3).

Ground motion Number of rollers/ ~ PGA max|ag| R = PGA/max|
No. m? (g) (g) ag|

1 200 rollers/m? 0.4 0.2 2

2 200 rollers/m? 0.6 0.2 3

1 800 rollers/m? 0.4 0.05 8

2 800 rollers/m? 0.6 0.05 12

rollers/m? in the following Table 4:

As shown in the Table, the use of the proposed seismic isolation
system can reduce the seismic acceleration (and consequently the
seismic force) acting on the structure from 2 times (R = 2 for 200 rollers/
m?) up to 12 times (R = 12 for 800 rollers/m?) relative to the Peak
Ground Acceleration.

Interestingly, the initiation of rolling of the non-uniformly distrib-
uted bearings is not always related to lower sliding displacement.
Figs. 11 and 12 elucidate the acceleration and rolling displacement
response of the structure, excited by a ground motion acceleration
amplitude of 0.6 g (No 3 on Table 3). The sequence of the scaled pulse
components of the motion is such, that the continuous rolling behaviour
of the uniformly loaded low-friction roller bearings shown in Fig. 12

— Applied ground motion

PGA=0.6g
0.8+ Response-200 rollers/m>
0.6 —Response-800 rollers/m>

Acceleration (g)

20

30
Time (s)

(@

40 50 6

leads to a lower maximum displacement (23 cm) compared to the non-
uniform loading case, which manifests an instantaneous displacement of
25 cm during the PGA of 0.6 g. Nevertheless, the acceleration reduction
ratio for the two systems is R = 0.6 g/0.05 g = 12 for the uniformly
loaded bearings and R = 0.6 g/0.2 g = 3 for the non-uniformly loaded
case. The plastic deformation on the PVC surface due to the stress con-
centration above the steel roller bearings during the sliding-rolling
movement of the non-uniformly loaded rollers is shown in Fig. 13.

5. Shaking table investigation of the response of a seismically
isolated steel structure

5.1. Influence of the aspect ratio and the mass distribution of the structure

The quantification of the influence of the aspect ratio, the material of
the structure and the distribution of its weight on the seismic perfor-
mance of the proposed seismic isolation system are of paramount
importance for the determination of the efficiency of the system. Hence,
a steel structure was designed to have the same weight with the masonry
structure (2.3 tons) and was fixed on the same 20 cm thick concrete slab,
founded on the proposed PVC-RS isolation system. However, the mass of
the structure in this case is concentrated on a steel slab, fixed at a height
of 0.53 m above the foundation level. The constructed experimental
setup is shown in Fig. 14.
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Fig. 11. (a) Full and (b) enlarged acceleration time history response on the top of the masonry structure (mean value of M1, M2 in Fig. 6) due to the applied Chi-Chi
1999 recorded ground motion excitation with PGA = 0.6 g (No. 2 on Table 3) for varying roller surface density values.
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Fig. 12. (a) Full and (b) enlarged rolling horizontal displacement time history response of the masonry structure (relative to the shaking table motion) due to the
applied Chi-Chi 1999 recorded ground motion excitation with PGA = 0.6 g (No. 2 on Table 3) for varying roller surface density values.

(@)

(b)

Fig. 13. (a) Side view and (b) top view of the sliding-rolling displacement of the non-uniformly loaded bearings due to stress concentration.

\\. ]/

Fig. 14. Side view of the constructed experimental setup.

The presented setup allows for the investigation of the response of a
steel structure with a substantially different aspect ratio (H/B = 0.6 m/
2m = 0.3) and mass distribution compared to the previously investi-
gated masonry structure (H/B = 1 m/1.3 m = 0.76), when the ground
motion excitation is applied in X-Direction of the experimental setup.
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The instrumentation plan and the direction of shaking for this setup are
shown in Fig. 15.

The instrumentation of the experimental setup presented in Fig. 15
entails 25 accelerometers and 16 displacement markers, which are
tracked by 5 high-speed cameras. The ground motion ensemble
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Fig. 15. Instrumentation plan.

Table 5
Testing protocol of recorded earthquake ground motions used for the excitation
of the steel structure (PEER NGA Database, 2018 [42]).

No. Date Earthquakeand M, R Component Scaled
Site (km) PGA (g)

1 21/9/ Chi-Chi, 7.6 269 CHYO080-E 0.2
1999 CHY080

2 21/9/ Chi-Chi, 7.6 269 CHYO080-E 0.4
1999 CHY080

3 21/9/ Chi-Chi, 7.6 269 CHYO080-E 0.6
1999 CHYO080

4 21/9/ Chi-Chi, 7.6 269 CHYO080-E 0.8
1999 CHY080

5 6/4/ L’Aquila, 6.3 5.38 LAQ- 0.2
2009 Parking AMO43XTE

6 6/4/ L’Aquila, 6.3 5.38 LAQ- 0.4
2009 Parking AMO43XTE

presented for the masonry structure was extended by two additional,
three-directional motions, recorded during the L’Aquila 2009 earth-
quake. The scaled ground motion ensemble presented on Table 5 was
applied in the X-Direction of the experimental setup (Fig. 15). The
design of this steel structure for a foundation vertical stress o', = 9 kPa
and a fixed-base vibration period T, = 0.1 s satisfies the similitude and
the preservation of the dimensionless ratios I1;, [1o between the model
and the prototype structure presented in the dimensional analysis of the
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model structure.

Fig. 16 illuminates the comparison of the response of the steel
structure presented in Fig. 14 with the masonry structure shown in Fig. 5
for a Chi-Chi 1999 ground motion excitation, scaled at an amplitude of
0.4 g (No 2 in Tables 3 and 5). Both structures were seismically isolated
with the proposed PVC-RS isolation system, using steel rollers with a
diameter of 6 mm and surface density of 800 rollers/m?2.

As shown in Fig. 16, the steel structure exhibited a slightly higher
static friction coefficient of 0.1 before the initiation of the sliding-rolling
behaviour, compared to the corresponding value of 0.05 for the masonry
structure. However, the kinetic friction value due to the rolling behav-
iour of the bearings during the maximum imposed ground acceleration
(Fig. 16b) was exactly the same for the two structures. Therefore, the
influence of the aspect ratio of the structure was limited to the initiation
of the rolling-sliding behavior, leading to slightly higher static friction
for structures of smaller aspect ratio and higher mass concentration on
the top (Fig. 14).

5.2. Steel roller bearings versus glass ballotini bearings

The use of roller bearings for the design of the proposed PVC-RS
seismic isolation system is not exhausted to steel roller bearings with a
diameter of 6 mm. The effect of the material and the diameter of the
roller bearings is demonstrated through the comparison of the response
of the steel structure using two different roller types on the proposed
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Fig. 16. (a) Full and (b) enlarged acceleration time history response on the top of the steel and the masonry structure (mean value of M1, M2 in Figs. 6, 15) due to the
applied Chi-Chi 1999 recorded ground motion excitation with PGA = 0.4 g (No. 2 on Table 5).

isolation system (Fig. 2): Steel roller bearings with a diameter of 6 mm
and surface density of 800 rollers/m? and glass ballotini bearings with a
diameter of 2.5 mm and the same surface density. The acceleration
response of the structure isolated with the two roller types for a PGA =
0.4 g is shown in Fig. 17.

As presented in Fig. 17, the use of glass ballotini roller bearings as the
rolling elements of the proposed PCS-RS seismic isolation system
increased the rolling-sliding friction coefficient to 0.15, compared to the
steel roller bearing value of 0.05. Nevertheless, the use of glass as a
material that does not require regular protection from corrosion
compared to steel is proposed in this study as a design alternative for
countries and locations with high humidity or corrosive environment.
The cost of both roller bearing types is comparable and significantly
lower than the cost of the highly engineered sliding elements of the
existing seismic isolation strategies.

5.3. Influence of ground motion characteristics-vertical ground motion
component

The excitation of the presented steel structure by the three-
dimensional L’Aquila 2009 ground motion allows for the investigation
of the effect of the variation of the frequency content and the simulta-
neity of three ground motion components on the observed response. The
presented steel structure is seismically isolated with steel roller bearings
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with a diameter of 6 mm and surface density of 800 rollers/m?. As
shown in Fig. 18, the simultaneous presence of two horizontal and one
vertical component on the ground motion excitation did not change the
friction coefficient (0.05) and the corresponding maximum acceleration
of the structure (0.05 g), which were observed for the unidirectional Chi-
Chi 1999 ground motion.

6. Conclusions

The large-scale shaking table investigation presented in this study
unveiled the attractive frictional characteristics of an innovative, low-
cost rolling energy dissipation system. This system is based on the in-
clusion of steel or glass roller bearings between two PVC sheets. This
sandwich configuration allows the initiation of a rolling displacement of
the bearings and dissipation of seismic energy at a friction coefficient
varying between 0.05 and 0.2.

The presented seismic isolation system, defined as PVC-Rollers
Sandwich (PVC-RS) seismic isolation is the fundamental component of
an ensemble of low-cost engineering solutions that are proposed in this
study for the seismic protection of masonry structures. The attachment
of a steel mesh and steel ties, the use of a light roof and high-strength
mortar are proposed as additional, low-cost engineering measures that
could further increase the seismic resistance of masonry structures for
earthquake intensities lower than the acceleration threshold for the
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20
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Fig. 17. (a) Full and (b) enlarged acceleration time history response on the top of the steel structure (mean value of M1, M2 in Fig. 15) due to the applied Chi-Chi
1999 recorded ground motion excitation with PGA = 0.4 g (No. 2 on Table 5) using two different roller bearing types.
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Fig. 18. (a) Full and (b) enlarged acceleration time history response on the top of the steel structure (mean value of M1, M2 in Fig. 15) due to the applied three-
dimensional L’Aquila recorded ground motion excitation with PGA = 0.4 g (No. 6 on Table 5).

initiation of the rolling behaviour of the bearings.

A masonry and a steel structure, three-times scaled down models of
the prototype structure were subjected to ground motions of different
amplitudes and frequency characteristics. Both structures exhibited
extensive rolling behaviour for a wide range of ground motion ampli-
tudes. This behaviour was initiated approximately between acceleration
amplitude levels of 0.05 and 0.1 g in case of uniformly distributed steel
roller bearings of 6 mm diameter and surface density 800 rollers/m?2.
The variation of the aspect ratio of the structure and the ground motion
frequency characteristics did not affect significantly the rolling response
of the structures. Interestingly, the obtained desirable acceleration
response with a maximum at 0.1 g was maintained even for the exci-
tation of the structure by three-dimensional motions with a strong ver-
tical component.

The fundamental parameter that has been found to influence the
rolling behaviour of the isolated model structures was the surface den-
sity of the roller bearings above the bottom PVC surface. The decrease of
the density value from 800 rollers/m? to 200 rollers/m? has increased
the obtained value of the static friction coefficient from 0.1 to 0.2. Not
surprisingly, the use of a smaller amount of rollers increases the stress
concentration above these rollers, thus inhibiting the initiation of roll-
ing. The observed increase of the horizontal resistance of the structure
for non-uniformly loaded roller bearings can be beneficial for the design
of a more horizontally stable seismic isolation system, resistant to wind
excitation.

A similar increase in the rolling friction coefficient has been observed
during the replacement of the sandwiched steel roller bearings by glass
ballotini bearings. The use of glass bearings can be advantageous in
countries with highly corrosive environment, where the use of steel
roller bearings is not recommended. At any case, special emphasis
should be given in the protection of the steel bearings from corrosion
through the use of protective paint or special protective coating layers.

The experimental investigation presented in this study elucidates the
high efficiency of a PVC-rollers sandwich interface as an energy dissi-
pation mechanism, which can be used as a low-cost component of a
novel seismic isolation system. However, the presented energy dissipa-
tion mechanism leads to residual rolling displacement in the structure,
reaching up to 20 cm for a ground motion excitation with a PGA = 0.6 g.
The recentering of a structure, displaced at maximum by 20 cm from the
original position after the occurrence of an earthquake event could be
easily conducted through pulling by a truck.

Notwithstanding these limitations, the presentation of the use of
different design alternatives by this study increases the flexibility in the
application of the proposed isolation system to locations with different
earthquake and wind hazard levels and different performance
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objectives. This flexibility, the low cost, the ease of construction and the
high efficiency of the proposed seismic isolation system towards the
reduction of the acceleration of the ground motion excitation show the
potential of the application of the system as an effective protection of
structures from seismic damage.
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