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ABSTRACT
This paper presents an extensive experimental study of a low-cost, high- 
performance seismic isolator comprising a deformable sphere rolling on 
concrete surfaces. Polyurethane spheres, with and without steel core, rolling 
on flat or spherical concrete plates, are investigated. Lateral cyclic tests under 
large displacements demonstrated a rolling friction coefficient between 3.7% 
and 7.1%. When tested in a shake table under 1170 ground motions, the 
isolators substantially reduced the acceleration transmitted to the super-
structure (to less than 0.15 g) while maintaining reasonable peak and negli-
gible residual displacements. A phenomenological model was calibrated on 
the lateral cyclic tests and predicted the shake table tests with reasonable 
accuracy.
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1. Introduction

Earthquakes are a global phenomenon; however, their impact, both in terms of fatalities and economic 
loss, is mainly concentrated in the low-income countries of the globe (Fink et al. 2017). The main 
reason is the high vulnerability of the structures in these regions since modern structural codes are too 
expensive to be followed. Therefore, there is an urgent need for proposing and implementing earth-
quake-resistant methods applicable to low-income countries of high seismic risk. The suggested 
methods should a) be affordable; b) be adaptable to local construction practices; c) rely on quality 
control procedures that can be followed in the countries of interest; d) not grossly rely on imports of 
construction materials.

Seismic isolation is a well-established method of seismic protection of structures. Its basic concept 
lies in the uncoupling of the superstructure from the ground motion, typically by using a sliding layer 
or a layer with low lateral stiffness. This layer should be able to carry the gravity loads and provide 
sufficient energy dissipation to limit maximum displacements. Due to its high cost, in low-income 
regions of the globe, seismic isolation is mainly implemented in projects of very high importance. The 
high cost originates from: a) the cost of each bearing, which can be higher than $10k, whereas a large 
number of bearings is required on each application, b) the cost of the additional, thick, heavily 
reinforced concrete isolation slab, which serves as a diaphragm and is typically constructed at the 
isolation level, and c) the implementation cost.

Seismic isolators could be distinguished into three main categories, namely: a) Flexible rubber 
bearings; b) Sliding bearings; c) Rolling bearings. Over the last decades, there have been studies 
suggesting alternative, reduced-cost devices based on all these three categories.

A rubber isolator using fiber reinforcement, instead of steel shims that are used in conventional 
rubber isolators, the “Fiber Reinforced Elastomeric Isolator (FREI),” has been proposed and studied 
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(Das, Deb, and Dutta 2016; De Domenico, Losanno, and Vaiana 2023; Kelly and Calabrese 2012; 
Kelly and Takhirov 2001; Konstantinidis and Kelly 2012; Konstantinidis, Kelly, and Makris 2008; 
Osgooei, Tait, and Konstantinidis 2014; Ruano and Strauss 2018; Russo, Pauletta, and Cortesia 2013; 
Toopchi-nezhad, Tait, and Drysdale 2009; Tran et al. 2020; Van Engelen, Konstantinidis, and Tait  
2016; Van Engelen, Tait, and Konstantinidis 2014). FREIs remain too stiff to isolate lightweight (i.e. 
one or two-story) residential buildings. Seismic isolation bearings based on sliding require polished 
metals and Teflon surfaces for the low-friction sliding interfaces. Thus, they are, in principle, not 
affordable in low-income countries. In previous studies, Jampole et al. (2014, 2016) and Swensen 
(2014) have studied high-density polyethylene sliders on galvanized steel, with these materials 
serving as the reduced-cost alternatives to conventional steel-Teflon interfaces. The isolators were 
efficient, and the system could be viable in places where galvanized steel and timber are available. 
However, communication with engineers in Peru (Prof. Marcial Blondet, video conference, 
February 10, 2021) and Cuba (Dr. Dario Candebat Sánchez, telephone conversation, February 2, 
2021) has revealed that, in many low-income countries, these materials are not available at a low 
cost. Brito, Ishibashi, and Akiyama (2019, 2020, 2021) used concrete-steel friction interfaces and 
concave surfaces of varying geometry as inexpensive bearings for bridges. Restoring force was 
provided through gravity, and the measured friction coefficient was in the range of 0.3, which, 
even though it is higher than the friction coefficient of common Teflon-steel bearings, could be an 
improvement in comparison to conventional design.

Tsiavos et al. (2019, 2020a, 2020b, 2021) have suggested the use of sand/rubber mixtures or of sand 
grains enclosed in PVC sheets as isolation layers below the foundation slab. Experimental results show 
that these sliding-based isolation systems act as a fuse, capping the maximum transmitted acceleration 
at the values of the sliding friction coefficient. Such a solution lacks restoring force. Under the presence 
of unavoidable imperfections, this can lead to excessive maximum and residual displacements 
(Constantinou, Mokha, and Reinhorn 1991; Tsopelas and Constantinou 1997).

There have been numerous isolation systems based on rolling (Harvey 2016; Harvey and Gavin  
2014; Harvey and Kelly 2016; Harvey, Zéhil, and Gavin 2014; Jangid and Londhe 1998; Lee et al. 2010; 
Lin and Hone 1993; Ou, Song, and Lee 2010; Zhou et al. 1998). The vast majority of them uses steel 
bearings rolling on steel surfaces; hence, they may be too expensive to apply in low-income countries. 
Aiming at increased energy dissipation and avoidance of failure at the contact areas (Foti 2019; Foti 
and Kelly 1996; Katsamakas et al. 2021a, 2021b, 2022; Menga, Bottiglione, and Carbone 2019; Menga, 
Foti, and Carbone 2017; Zéhil and Gavin 2013, 2014) have suggested the use of rubber (or, in general, 
viscoelastic materials) at the contact interfaces.

Based on the work of Cui, Bruneau, and Constantinou (2012), one of the most recent suggestions 
for seismic isolation of lightweight residential structures, that could be applicable to the developing 
world, has been the Spherical Deformable Rolling Seismic Isolator (SDRSI) by Cilsalar and 
Constantinou (2019a, 2019b, 2020), an analogue of a Friction Pendulum System (FPS), based on 
a deformable elastomeric sphere with a diameter of 254 mm rolling on a spherical (concave) concrete 
surface (Fig. 1, left, middle). The exact cost for the implementation of such a system lies beyond the 
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Figure 1. Rigid body model for rolling seismic isolators. Left, isolator under compressive load and zero lateral displacement; middle, 
isolator under compressive load and maximum lateral displacement; right, bilinear force-displacement plot.
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scope of this study, remains to be determined, and would depend on the region of implementation. 
Two variations of SDRSI were tested by Cilsalar and Constantinou (2019a, 2019b, 2020): one using 
solid Polyurethane (PU) spheres and one with a steel core, to reduce creep and make the system stiffer. 
Spheres of shore hardness 95A and 62D were tested.

Approximating the behavior of such a system using a simplified model of a rigid sphere rolling on 
a rigid spherical surface is tempting as it provides FPS-like and easy-to-use equations describing the 
force-deformation loops (Fig. 1, right). Then, a Bouc-Wen model can be used to describe the isolator 
(Nagarajaiah, Reinhorn, and Constantinou 1991; Wen 1975). However, the tests of Cilsalar and 
Constantinou (2019a, 2019b, 2020) showed a significant deviation between experimental results and 
rigid body model predictions: The loops of the tested isolators were 2–3 times stiffer than analytical 
predictions. In fact, in some of the tests, characterizing the experimental loops as “bilinear” (even if 
a larger stiffness is used) seems inadequate. Notably, the tests of Cilsalar and Constantinou (2019a,  
2019b, 2020) involved displacements up to 125 mm that correspond to a sphere rolling of 0.5 rad. 
Therefore, the sphere experienced much less than half of a full rotation. Note that throughout this 
paper, the term “bilinear” is used in a general form to also include systems of infinite pre-yield or zero 
post-yield stiffness.

Trying to explain this apparent increase in stiffness, Katsamakas et al. (2021a, 2022) tested smaller 
spheres (100 mm diameter, shore hardness 85A, without a steel core) to displacements of 100 mm. 
This corresponds to 1 rad of sphere rotation. They measured the vertical displacement of the setup 
when rolling the sphere under constant compressive load to observe a significant vertical motion even 
when rolling on perfectly flat surfaces. They concluded that the apparent stiffness increase observed by 
Cilsalar and Constantinou (2019a) is due to residual “creep” deformation of the sphere under vertical 
compressive load that results in essentially rolling an oval-shaped sphere, rather than a perfect sphere 
(Fig. 2). Therefore:

a) The loops significantly deviate from a bilinear shape, especially under larger sphere rotations;
b) The tangent stiffness of the isolators is initially larger than the rigid body model, but is expected 

to decrease for larger displacements (Katsamakas et al. 2022). Overall, the behavior of such 
a system is more complicated than a bilinear model.

Moreover, the behavior of the sphere material cannot be predicted by a linear viscoelastic model. 
Tests show that the observed creep deformation is not reversible when the compressive load is 
removed; that is, there is damage. Notably, when tennis balls filled with cement paste were tested as 
an alternative device, the tests showed a bilinear behavior (Katsamakas et al. 2021b), due to the small 
thickness of the rubber shell of the tennis ball.

Aiming at better understanding the mechanics of SDRSIs as low-cost, high-performance seismic 
isolators, this paper presents extensive experimental tests and phenomenological modeling of PU 
spheres of shore 95A, with and without a steel core, under design-level lateral displacements. Testing 
under design displacements is particularly important due to the strongly nonlinear behavior of the 

Figure 2. Left, initial condition of the spherical isolator; middle, isolator under compressive load with evident compressive 
displacement; right, isolator under compressive and lateral load, with evident uplift.
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system that had been previously assumed to be quasi-bilinear (Cilsalar and Constantinou 2019a). 
Moreover, this paper offers a phenomenological model to describe the behavior of the isolator. To this 
end, following the introductory section, the second section describes the isolator. The third section 
discusses its proposed use in an effort to justify the design of the tests. Section 4 discusses the 
experimental setup. Section 5 presents compressive tests of the elastomeric balls. Sections 6 and 7 
discuss lateral cyclic tests and proof-of-concept shake table tests. Finally, section 8 proposes 
a phenomenological model to describe the lateral behavior of the isolator.

2. Description of the Proposed Isolator and Rigid-Body Equations

The proposed seismic isolator comprises a deformable PU sphere that rolls between two concrete 
surfaces. Cilsalar and Constantinou (2019a, 2019b) claim that one of these two concrete plates should 
be spherical to guarantee gravitational restoring force to the system. Placing the spherical plate above 
or below the rolling sphere has no influence on the response of the system; therefore, a designer would 
have to consider only practical issues (e.g. rainwater drainage and easiness of construction) for this 
decision. The use of two spherical plates (i.e. both above and below the rolling sphere) is neither 
suggested nor tested since this configuration is more complicated and expensive to construct, while it 
does not offer an advantage in size (Cilsalar and Constantinou 2019a). The use of two flat plates would 
lead to a system without restoring force – at least according to the rigid body model. The need of 
a restoring mechanism in seismic isolation systems is crucial in order to control excessive peak and 
residual displacements. These displacements will be significantly amplified in the case of inevitable 
accidental inclination of the isolation level (net inclination of the isolation level in one direction) 
because of accumulation of displacements (Constantinou, Mokha, and Reinhorn 1991; Tsopelas and 
Constantinou 1997). In the present study, configurations with two flat plates are also tested, in order to 
characterize the behavior of the rolling sphere without the curvature of the concrete surface influen-
cing the response.

The shape of the spherical surface (radius of curvature and displacement capacity) could be tailored 
and optimized for each application, similarly to sliding systems with spherical surfaces. The design 
procedure could start with the rigid body approximation, where the deformability of the sphere is not 
considered. Then, the force-displacement relation that describes the lateral response of the system is 
(Cilsalar and Constantinou 2019a): 

where F is the horizontal force applied to the isolator, W is the vertical force (weight) applied to the 
isolator, u is the lateral displacement of the isolator, δ is the compressive displacement under load W, 
Reff ¼ R � r, R is the radius of curvature of the spherical concrete plate and r ¼ D=2 is the radius of 
the rolling sphere (Fig. 1). The quantity W

4Reff
u is the gravitational restoring force of the system. The “4” 

factor in the denominator is noteworthy, since, the rolling isolator is 4 times more “flexible” than 
a Friction Pendulum System (FPS) with the same radius of curvature (R). This is because the 
translational displacement of the sphere (usphere) is equal to half of the displacement of the isolator 

(u); hence, usphere = u/2. The isolation period of the system is defined as 2π
ffiffiffiffiffiffiffi
4Reff

g

q

. The μroll term is the 
rolling friction coefficient of the system and is a macroscopic term that describes the initiation of 
rolling motion. More on the rolling friction is discussed in section 6. The displacement capacity of the 
isolator is do - D (Fig. 1).

The equation that correlates the rotation of the rolling sphere (θ) with the displacement of the 
isolator (u) is (Eq. (2)): 
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3. Proposed Use of the Isolator

A potential application of the system proposed in the present study could be in one- or two-story 
masonry houses, in countries where reinforced concrete is not available or is too expensive. In these 
regions, the construction of seismically isolated masonry houses could be a viable solution for earth-
quake-resistant structures. For example, South East Cuba, which lies close to the fault that caused the 
2010 Haiti catastrophe, has a 10% in 50 years PGA equal to 0.33 g (Norma Cubana NC46 2017), which 
essentially prohibits the use of masonry – which is the only easily available material. The example of 
Santiago, Cuba is used in the present study since it is considered as representative of regions of high 
seismicity and low availability of construction materials. Similar (or higher) seismicity and analogous 
lack of resources can be found in many countries in Latin America, in Asia, and Africa.

Even though the system-level response of a structure isolated with SDRSIs lies outside the scope of 
this paper, this section describes the envisaged use of the isolation system, so that the compressive load 
protocol and the size of the spheres used in the presented test campaign is justified.

Communication with practicing engineers from Cuba (Dr. Dario Candebat Sánchez, telephone 
conversation, February 2, 2021) and Peru (Prof. Marcial Blondet, telephone conversation, February 10, 
2021) has unveiled that, at least in their countries, and probably in other countries of similar 
construction practices and income, seismic isolation cannot be financially viable for low-rise buildings 
because of the cost of the extra and heavily reinforced slab at the isolation level. Unless the cost of this 
slab is reduced, seismic isolation cannot be financially competitive, even if the isolation system is 
provided at zero cost.

Therefore, this paper suggests the combination of the systems of Cilsalar and Constantinou (2019a,  
2019b, 2020) and of the one suggested by Tsiavos et al. (2019, 2020a, 2020b), for the isolation of 1–2 
story masonry houses (Fig. 3). The walls are supported on RC connecting beams that serve as the 
upper rolling surface of the isolators. The rolling isolators carry the weight of the structure. The low 
cost of each isolator allows for placing multiple of them in closely spaced distances. The reinforcement 
of the RC beams is controlled by the distance between the isolators. Hence, the optimal number of 
isolators should be determined by optimizing the total cost of the SDRSIs and the connecting beam. 
The ground floor slab will be continuously supported by two sheets of PVC (with some sand in 
between) that provide a coefficient of friction at the order of 0.2 – but no restoring force. Such 
a continuous support allows for reducing the thickness of the slab and for providing minimal (if any) 
reinforcement, making its cost similar to the cost of the cleaning concrete layer that is used in fixed 
base structures. Therefore, the cost originating from the concrete elements is expected to be signifi-
cantly reduced.

Because of the SDRSIs, a horizontal motion of the beams also causes a vertical one. Therefore, two 
options exist for the connection between the slab: a) It could be monolithic (not shown in Fig. 3) or b) 

Figure 3. Representation of a potential application of deformable rolling isolators in low-rise masonry buildings.
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a PVC joint could be used that would allow the vertical motion of the beams while the slab only moves 
horizontally (shown in Fig. 3). In the former case, the slab will lose the continuous vertical support and 
might crack (without causing any life threat). In the latter case, the cover of the slab (be it tiles, mosaic 
or any other material local construction uses) will fail only along the joints.

4. Experimental Setup

4.1. Testing Equipment and Instrumentation

The setup has been previously described in Katsamakas et al. (2022) but is briefly described in this 
section for reasons of completeness. Both the lateral cyclic and the shake-table tests were performed 
using the 1 degree-of-freedom shake table of ETH Zurich (Bachmann et al. 1999). Even though the 
shake table was used as an actuator for the cyclic tests, this paper uses the term “shake table tests” only 
for the tests where the shake table applied ground motions and was not merely used as an actuator to 
apply lateral cyclic loads.

The experimental setup, both for the lateral cyclic and the shake table tests (Fig. 4), comprises 4 
isolators. An isolator comprises a PU sphere rolling between two concrete plates.

In all tested configurations, the lower concrete plates were flat. The upper concrete plates were 
either flat (“flat configurations”) or spherical (“spherical configurations”). The lower concrete plates 
were fixed to the shake table platen, whereas the upper ones were mounted on a steel slab with 
a thickness of 30 mm.

During the lateral cyclic tests, the motion of the top-slab parallel to the x-axis was restrained by two 
rigid struts fixed to a rigid column. Restrainers prevented the slab from moving out of plane (y-axis) 
and from rotating around the z-axis (Fig. 4). To minimize friction between the slab and the stoppers, 
all surfaces where contact was possible were covered with Teflon sheets. During cyclic testing, the 
shake table applied a sinusoidal motion to the bottom concrete plates, the top plates were kept in place 

Figure 4. Representation of the experimental setup. Green circles, red diamonds, and blue squares show the location of the triaxial 
displacement sensors, the triaxial accelerometers and the uniaxial load cells, respectively.
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by the rods, and shearing of the isolators was achieved. The vertical load (emulating the weight of the 
isolated superstructure) was applied by fixing masses on top of the steel slab. For the shake table tests, 
the steel rods were removed, and the steel slab was free to move along the x-axis.

Four three-dimensional accelerometers (one on each corner) were placed on top of the steel slab. 
Two more three-dimensional accelerometers were placed on the shake table platen (red diamonds in 
Fig. 4). The struts that hold the steel diaphragm in place were equipped with load cells, measuring the 
reaction force of the isolators to the applied motion during the lateral cyclic tests. Another load cell 
was placed at the actuator that drives the shake table. The sampling rate of the accelerometers and the 
load cells was 1200 Hz. The movement of the shake table and the superstructure was measured using 
an NDI Optotrak Certus camera. A total of 22 infrared-emitting diode markers were used to track the 
motion of the superstructure and the steel slab (green circles in Fig. 4). The NDI system had an 
accuracy of 0.1 mm and a sampling rate of 60 Hz.

The shake-table setup is idealized since it does not account (or partially accounts) for the following 
effects:

(a) The overturning moment of the building. The height of the center of mass in the shake table 
tests was approximately 30% (W = 4.74kN) or 65% (W = 3.23kN) lower than what an undis-
torted physical model of a one-story masonry building would require. A larger overturning 
moment would affect the normal force applied to the isolators, hence, the lateral response. 
Under triaxial excitation, it could also induce torsion (Almazán and de la Llera 2003).

(b) The three-dimensional nature of the ground motions, since the applied ground motion is one- 
directional. A bi-directional horizontal excitation would result in different isolator displace-
ments. Moreover, the vertical ground motion is expected to affect the response of gravity-based 
isolators, as the ones described in the present study.

(c) The flexibility and the finite strength of the superstructure. This flexibility would affect both the 
response of the isolators and the superstructure.

(d) The behavior of the isolators when the restrainer is engaged (i.e. response at extreme lateral 
displacements).

The scope of the shake-table study presented herein is to provide:

(a) A detailed description of the dynamic response of the isolators under (one-dimensional) 
dynamic excitation to validate the lateral cyclic tests.

(b) An extensive experimental parametric analysis to study the effect of the vertical load, the type 
of the isolator, and the curvature of the concrete plates.

(c) Experimental results to validate the dynamic response predicted by the phenomenological 
model (described in subsequent section). The only previous study to test SDRSIs under shake- 
table excitations is the one by Katsamakas et al. (2022), but these tests used more flexible 
spheres that resulted in larger friction coefficients and, thus, higher superstructure 
accelerations.

(d) Results that would be useful for the preliminary design of a practical application or for the 
design of more detailed shake-table tests, which would alleviate the limitations of the present 
study, including the three-dimensional nature of the excitation and the modeling of the 
superstructure.

4.2. Materials

Three types of spheres were tested, namely, solid spheres with a diameter of 100 mm, spheres with 
a diameter of 100 mm and a 50 mm steel core inside (spheres 100/50 mm), and spheres with a diameter 
of 80 mm and a 50 mm steel core inside (spheres 80/50 mm). The spheres were made of PU with 
a shore hardness of 95A. The steel core was made of Gcr15 steel with fy = 415 MPa and fu = 520 MPa, 
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according to the manufacturer. The cost of 100 mm, 100/50 mm, and 80/50 mm spheres was $23, $30, 
and $25 per piece, respectively. Note that for larger orders, these amounts are expected to be 
significantly reduced.

A commercial M15 concrete mix, with a maximum aggregate size of 4 mm, was selected for the 
construction of the concrete plates. Fig. 5 shows the dimensions of the spherical concrete plates. The 
material for each of these plates costs $6. The plates were unreinforced to model practical applications 
where only minimal reinforcement would be used (e.g. to control shrinkage cracking). The mean 
compressive and flexural strength of the concrete mix was 27.6 MPa and 4.6 MPa, respectively, tested 
according to EN 1993-11 (1993). The exact manufacturing procedure of the spherical surfaces in 
a low-income country is a topic that should be resolved in collaboration with practicing engineers 
from these countries. Communication with engineers from Cuba revealed that they could be locally 
constructed (Dr. Dario Candebat Sánchez, telephone conversation, February 2, 2021).

4.3. Similitude Laws and Tested Configurations

Due to the setup limitations, a geometric scale factor of 0.5 (SL = 0.5) was chosen for the shake table 
tests. Therefore, to ensure similitude of stresses, the force and time scaling factors are SF = 0.25 and ST  
= 0.707, respectively. Table 1 summarizes the scaling laws, whereas Table 2 shows the values of the 

(a) (b) (c)

Figure 5. (a) Shape and dimensions of the utilized spherical concrete plates (in mm); elastic response spectra of the applied ground 
motions and design spectrum of Santiago, Cuba (in model scale). (b) pseudo-accelerations; (c) displacements.

Table 1. Summary of scaling laws for reduced- 
scale physical modeling (artificial mass simula-
tion). In the present study SL = 0.5.

Quantity Model/prototype

Length SL

Area SL
2

Vertical Load SL 
2

Time SL 
0.5

Frequency SL
−0.5

Acceleration 1

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

Quantity Model Scale Prototype Scale

Radius of spherical concrete plates (R) 750 mm 1500 mm
Eigenperiod of spherical concrete plates 3.44 sec 4.87 sec
Plan view diameter of the spherical isolator 350 mm 700 mm
Diameter of rolling spheres 100 mm 200 mm

100/50 mm 200/100 mm
80/50 mm 160/100 mm

Vertical load 2.08, 3.23, 4.74, 8 kN 8.32, 12.92, 18.96, 32 kN
Amplitude of cyclic test ±115 mm ±230 mm
Equivalent amplitude of one-sided cyclic tests ±230 mm ±460 mm
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main design parameters in the model and prototype scale. In the plane view, the diameter of the 
spherical concrete plate was 350 mm (Fig. 5). The radius of curvature of the spherical concrete plates 
(R) was R = 750 mm. Neglecting the size of the sphere and based on Eq. (1) this would give an isolation 
period of 3.44 s and 4.8 s in the model and the prototype scale, respectively. This rather high isolation 
period was selected based on the conclusions of previous studies (Cilsalar and Constantinou 2019a) 
where it was suggested that Eq. (1) significantly underpredicts the stiffness of the bearing.

To calculate the compressive load that should be applied, a modern unconfined masonry house in 
Cuba was considered (Katsamakas et al. 2022), resulting in a gravity load per isolator of 11 kN (i.e. 2.75 
kN in the model scale). The value is low compared to other studies on seismic isolators, because the 
proposed design targets one story houses and requires multiple isolators.

Four compressive loads (2.08 kN, 3.23 kN, 4.74 kN, or 8 kN per sphere – model scale) under 2 rolling 
surface curvatures (flat and spherical) were planned for all 3 spheres. The minimum tested load (2.08 
kN) is slightly lower than the design load of 2.75 kN to account for cases where, due to overturning 
moment, limited decompression is observed. Contrariwise, the maximum tested load (8 kN) signifi-
cantly exceeds the design load to account for the additional compressive force due to overturning 
moment, or to investigate the response of the isolators considering that the tested sphere diameters are 
full-scale models with a slightly lower load. It is noted that, in all shake-table tests, before the application 
of the seismic motion, the isolators were subjected to sustained compressive (creep) load for 7 days so 
that their compressive creep displacements were concluded.

Due to limitations of the experimental setup and safety concerns, some configurations were 
not tested. Tables 3 and 4 list the tested configurations. The actuator of the shake table had 
a stroke of 230 mm. Therefore, two types of cyclic tests were performed: a) between −115 and 
+115 mm and b) between 0 and +230 mm and 0 and −230 mm.

The shake table tests were performed under an ensemble of 61 different ground motions, selected 
from all three different categories of FEMA P695 (2009) (i.e. far-field, near-field pulse-like, and near- 
field non-pulse-like). All ground motions were scaled by 

ffiffiffi
2
p

in the frequency domain, since the tested 
model corresponds to a half-scale (SL = 0.5) representation of a prototype structure (Table 1). 
Subsequently, all ground motions were acceleration-scaled so that they comply with the capacity of 
the shake table (Bachmann et al. 1999), with the acceleration scaling factor ranging from 0.7 to 1. 
Fig. 5b,c plots the elastic response spectra of the pseudo-accelerations and displacements of the ground 
motions used in the shake table tests, together with the design spectrum for a site in Santiago, Cuba 
(model scale), assuming soil type C, 5% damping and a return period of 475 years. Out of the 61 

Table 3. Summary of the tested configurations.

Weight per sphere (kN) Concrete Plates

Type of Rolling Spheres (mm)

100 100/50 80/50

2.08 Flat Shake table Shake table Cyclic/Shake table
Spherical Cyclic/Shake table Cyclic/Shake table Cyclic/Shake table

3.23 Flat Cyclic/Shake table Cyclic/Shake table Cyclic/Shake table
Spherical Cyclic/Shake table Cyclic/Shake table Cyclic/Shake table

4.74 Flat Cyclic/Shake table Cyclic/Shake table Cyclic/Shake table
Spherical Cyclic/Shake table Cyclic/Shake table Shake table

8 Flat Cyclic Cyclic Cyclic

Table 4. Summary of the performed cyclic tests.

Sphere type Curvature of Concrete Plates Vertical load per sphere (kN) Cyclic test performed

100 mm Flat 2.08/3.23/4.74/8 0/+230, 0/-230, −115/+115
Spherical 2.08/3.23/4.74

100/50 mm Flat 2.08/3.23/4.74/8
Spherical 2.08/3.23/4.74

80/50 mm Flat 2.08/3.23/4.74/8
Spherical 2.08/3.23/4.74
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ground motions, 35 were far-field motions, 13 were near-field pulse-like motions, and 13 were near- 
field non-pulse-like motions. The PGA, PGV, and PGD values of the far-field motions ranged between 
0.07 and 0.40 g, 99–200 mm/sec, and 21.8–104.9 mm, respectively. The PGA, PGV, and PGD values of 
near-field pulse-like motions ranged between 0.16–0.79 g, 148–200 mm/sec, and 12.7–127.7 mm, 
respectively. The PGA, PGV, and PGD values of near-field non-pulse-like motions ranged between 
0.16–0.60 g, 145–200 mm/sec, and 15.1–105.6 mm, respectively. All PGA, PGV, and PGD values are 
given in the model scale.

Details about the ground motions used and the scaling factor applied can be found in (Katsamakas 
et al. 2022). This paper used the same ground motions and applied the same scaling factors.

5. Compressive Response

The spheres were first subjected to monotonic uniaxial compression, at a displacement rate of 0.33  
mm/sec and 0.27 mm/sec for the spheres with an external diameter of D = 100 mm and D = 80 mm, 
respectively (Katsamakas et al. 2022). The test was terminated when δ/D = 0.6 (where δ is the 
compressive displacement), or when the spheres reached compressive failure, defined as a 20% drop 
of the maximum compressive load. The maximum load that the spheres sustained under these testing 
conditions was 105.2 kN, 118.8 kN, and 102.5 kN for the 100 mm, 100/50 mm, and 80/50 mm spheres, 
respectively (Fig. 6). These load levels are substantially higher than the ones that the spheres would 
have to sustain in a practical application (Section 3). Thus, the loss of vertical load-bearing capacity of 
the spheres is not the critical design parameter. It is worth noting that failure was reached only for the 
spheres with a steel core, whereas for the solid spheres, the force-deformation relationship increased 
monotonically. This does not mean that the solid spheres were not damaged: After removing the load, 
there was a permanent deformation of the solid spheres that was not recovered even after several 
weeks. Therefore, no linear viscous model can describe its behavior, even if more than one branch is 
used (Generalized Maxwell Model).

Figure 6. Compression testing results. Left: force-displacement; right: force-displacement (detail).

Table 5. Compressive Tangent Stiffness of the spherical isolators at different load 
levels.

Compressive Tangent Stiffness (kN/mm)

Sphere type 100 mm 100/50 mm 80/50 mm

Stiffness at 2.75 kN 0.87 1.09 0.97
Stiffness at 11 kN 1.07 1.52 1.58
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Considering the tested spheres as 1:2 scaled models of prototype spheres, the tangent vertical 
stiffness at 2.75 kN is of interest and is given in Table 5 (in model scale). Table 5 also offers the tangent 
stiffness at 11 kN, which is the design compressive load in the prototype scale (in case spheres of the 
tested size are directly used for design at a prototype scale).

As expected, a comparison of the 100 and 100/50 spheres shows that the presence of a steel core 
increases the stiffness of the sphere. A comparison between the 100/50 and 80/50 sphere (Fig. 6) shows 
that the secant stiffness of the 100/50 sphere is larger up to loads of 30 kN (which are the loads of 
interest), but for larger loads, the 80/50 sphere becomes stiffer. This can be attributed to excessive 
compression of the rubber cover in the 80/50 layer that results into strains in the PU in a strain region 
where it stiffens. A detailed explanation of this observation would require more tests and a refined 
numerical model using a calibrated constitutive law, and thus, lies beyond the scope of this paper.

6. Lateral Cyclic Response

All configurations were left to creep for 7 days (which was enough for the creep to be concluded) and 
then subjected to the following sequence of lateral cyclic tests:

(1) Cyclic (“0/+230”) tests with the shake table used as an actuator and applying 3 loops of 
a sinusoidal motion to the bottom concrete plate between zero and +230 mm (that is, 
uðtÞ ¼ 115� ð1 � cosð2πf � tÞÞ.

(2) Cyclic (“0/-230”) tests with a motion between zero and −230 mm (that is, 
uðtÞ ¼ � 115� ð1 � cosð2πf � tÞÞ.

(3) Cyclic (“±115 mm”) tests comprising five loops of a sinusoid with an amplitude of 115 mm 
(that is uðtÞ ¼ 115� sinð2πf � tÞ)

The excitation frequency of all cyclic tests was f = 0.2 Hz, which is similar to the one used by Cilsalar 
and Constantinou (2019a, 2019b). A further increase of the frequency would be of interest in a future 
experimental investigation, but is not considered herein due to limitations of the used setup. Fig. 7 
(left) shows the displacement of the shake table related to the above protocols, as recorded during the 
tests.

Fig. 7 (right) compares the force-displacement loops obtained from the “0/+230” and the “0/-230” 
tests and the corresponding plot from the “±115 mm” test. It is evident that the plots overlap, meaning 
that the equivalent “±230 mm” test (comprising the “0/+230” and the “0/-230” plots) is the extension 
of the “±115 mm” test. Therefore, from now on, only the equivalent “±230 mm” plots are presented.

Figure 7. Left: displacement imposed by the shake table during the lateral cyclic tests; right: representative comparison of the 
response of the isolators during the “0/+230,” “0/-230” and “±115 mm” tests.
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Fig. 8 collectively offers the force deformation loops for all the ±230 tests (that took place 
before the shake table tests). The first and most important observation is that the behavior of the 
system is clearly not bilinear elastoplastic (that is, it does not comprise an elastic and a perfectly 
plastic material model in parallel) as the rigid body model with friction would imply. Hence, 
attempting to approximate it as such should be avoided, at least for the loads, curvatures, and 
materials considered in this study. In fact, since the sphere has deformed to an oval-shaped 
object (which this paper will continue to name “sphere” for reasons of language simplicity), 
a vertical motion of the top plate was recorded. This vertical motion influences the restoring 
force. In energy terms, it influences the gravitational potential energy. This should result in 
a fluctuation of the restoring force with peaks every π×D of displacement. For the cases studied 
in this paper, this displacement corresponds to 314 mm and 251 mm for the spheres having D =  
100 mm and D = 80 mm, respectively. These displacements fall outside the applied displacement 
range, and such a periodic performance was not recorded.

The rolling friction coefficient, μroll, is conventionally defined as the lateral-to-vertical force ratio at 
zero lateral displacement and is an indicator of the energy dissipation capacity of the isolator. In all 
following sections, the rolling friction coefficient was obtained by the “±115 mm” cyclic tests and was 
defined as the ratio of the lateral-to-vertical force when crossing zero lateral displacement. This rolling 
friction coefficient, μroll, is also given in Fig. 8.

As defining μroll via the lateral force amplitude at zero lateral displacement puts a lot of emphasis on 
one part of the load-deformation curve, in particular an area that is heavily influenced by the flattening 
of the sphere, two alternative definitions are also explored:

a) μroll,DE = WDE/(4×W×uo), where WDE is the energy dissipated in one loop, W is the vertical 
force, and uo the amplitude of the test ( = 230 mm) and b) μroll,100 = (F100

+- F100-)/W where F100
+ 

and F100- is the lateral load at 100 mm when loading and unloading, respectively. Fig. 9 shows 
that all 3 μroll, μroll,DE, μroll,100 are close to each other, with μroll being approximately 10% larger 
than μroll,DE or μroll,100. This 10% difference is negligible in comparison to the velocity- 

Figure 8. Influence of the vertical load (W) on the cyclic lateral response of the spherical isolator.  
Note that, since μroll was obtained from the “±115 mm” loops while there were certain “±230 mm” tests that were not performed, in 
Fig. 8 there are cases where a μroll is offered, without the corresponding loop.
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dependency of μroll (detailed explanation in section 8). Therefore, for the rest of this paper μroll 
will be used.

Overall, the lateral cyclic response of the spheres comprises the following branches:

(1) An initial ascending (positive stiffness) branch up to the maximum value of the lateral-to- 
vertical force ratio, which ranges between 0.093 and 0.156 and corresponds to a lateral 
displacement ranging between 15 mm and 30 mm (model scale). This value of lateral load 
and displacement depends on the type of isolator and the vertical load level, with more 
compressed spheres tending to have slightly larger values. It is related to the compressive 
and creep displacement and, hence, the shape change of the isolator. In fact, this behavior is 
related to the rolling of the sphere up-and-over the depression that was caused by the gravity 
load (noted as “Flat surface” of the deformed sphere in Figure 2, Right).

(2) After the peak lateral force is reached, the isolators exhibit negative stiffness (negative slope of 
the force displacement curve) for lateral displacements larger than 30 mm (model scale). In all 
tested cases, this negative stiffness branch reached lateral displacements at the order of 70-80  
mm. This negative stiffness is related to the deformed shape of the isolator.

(3) At these lateral displacements (larger than 70 mm), the influence of the curvature of the 
concrete plate (flat or spherical) becomes pronounced. For the isolators with flat concrete 
plates, the stiffness remains negative for the whole range of tested displacements. For isolators 
with spherical concrete plates and lateral displacements larger than 80 mm, the stiffness of the 
isolator becomes practically zero since the positive stiffness induced by the concrete plates 
cancels the negative stiffness induced by the deformed sphere. For the configuration with 100/ 
50 spheres, spherical plates, and W = 4.74 kN, a mildly positive stiffness was observed (10−4 

(-)/mm), as seen in Fig. 8.
(4) After a full sinusoidal motion is completed, the subsequent cyclic loops closely follow the path 

of the first. The peak load of the second circle is approximately 20% lower than the peak load of 
the first. It cannot be concluded whether this is a consequence of the Mullins effect (Diani, 
Fayolle, and Gilormini 2009; Mullins 1969) or of the initial deformation of the sphere due to 
creep. This limited strength degradation is only observed at the peak load and only between the 
first and the second circle. After that, the response remains stable.

(5) In all tests, the thickness of the loops (i.e. the vertical distance between the loading and 
unloading part) is practically constant for the whole range of tested displacements, with the 
exception of zero lateral displacement, since the “±230 mm” is composed of two different tests. 
This shows constant energy dissipation that is not related to the amplitude of the lateral 
displacement but is mainly associated with μroll.

Figure 9. Comparison of different approaches for obtaining the rolling friction coefficient.
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It should be noted that the above observations regarding the non-bilinear response of the isolators are 
limited to the specific curvatures studied. Intuition, as well as the tests on mortar-filled tennis balls 
(Katsamakas et al. 2021b), suggest that as the thickness of the rubber layer tends to zero, the behavior 
of the system will tend to a bilinear system with a lower coefficient of rolling friction.

6.1. Influence of the Vertical Load (Weight) and the Curvature of the Concrete Plates

From Fig. 8 it can be deduced that the coefficient of rolling friction (μroll) increases with compression. 
The influence of the vertical load (i.e. weight of the supported superstructure) is moderate, with an 
increasing vertical load leading to a mildly higher rolling friction coefficient (μroll) and higher energy 
dissipation.

Fig. 10 offers an indicative comparison of flat and spherical isolators. For small displacements 
(smaller than 70 mm), the curvature of the concrete surface does not influence the response. However, 
for larger displacements, where the flat case exhibits negative stiffness, the positive stiffness induced by 
the concrete curvature keeps the overall tangent stiffness around zero. The conclusions drawn 
regarding the influence of the spherical plates are linked to the specific set of parameters (curvature 
of concrete plates, stiffness of rolling isolator, supported weight, magnitude of lateral displacement). 
Using spherical plates with a lower radius of curvature (R) would lead to an even more pronounced 
effect of the curvature. As expected, the curvature of the isolator does not influence the rolling friction 
coefficient.

6.2. Influence of the Steel Core and of the Thickness of the Rubber Shell

Fig. 8 shows that the presence of a 50 mm steel core inside a sphere with an external diameter of 100  
mm leads to lower values of rolling friction coefficient (10–20% lower) and, thus, decreased energy 
dissipation, without affecting the shape of the lateral cyclic response. These differences are negligible 
under low compressive load (e.g. 2.08 kN/sphere) but become more pronounced under high compres-
sion (e.g. 8 kN/sphere).

Fig. 8 also shows the influence of the thickness of the rubber shell around the 50 mm steel core by 
comparing the 80/50 mm to the 100/50 mm spheres. The influence of this parameter is limited for all 
the configurations considered herein, with the rolling friction coefficient ranging between (3.7% and 
6.1%) and (4.9% and 7.1%) for the 100/50 and the 80/50 spheres, respectively. Therefore, the 100/50 
and the 80/50 spheres have a very similar lateral cyclic response with the only difference being the μroll 
values that are 15–25% higher when 80/50 spheres are used. Overall, there is a clear trend that is 
discussed more extensively in section 6.4: μroll increases with δ/D no matter the size of the sphere and 
the presence of a steel core.

Figure 10. Influence of the curvature of the concrete plates, for all tested spheres, under W = 3.23 kN of compressive force.
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6.3. Influence of Grease (Surface Lubrication)

After performing the cyclic tests, the spheres and the concrete surfaces were covered with grease to 
reduce interface friction between the rolling sphere and the concrete substrate. No measurements of 
the interfacial friction were performed, but it is reasonable to assume that grease reduced it. Reducing 
the interfacial friction coefficient would allow for a) understanding whether part of the energy 
dissipation originates from interfacial sliding between the rolling sphere and the concrete plates and 
subsequently b) whether the rolling friction coefficient (μroll) is affected by the sliding friction of the 
aforementioned interfaces. It was proved that neither energy dissipation nor μroll depend on the sliding 
friction of the sphere-concrete interface since the cyclic plots, with or without the use of grease, are 
practically identical (Fig. 11). This implies that, for the rolling spheres tested in the present study, the 
largest part of energy dissipation originates from the continuous deformation (shape change) of the 
rolling sphere, which is made of an energy-dissipating material. These findings are in agreement with 
the experimental results of Tabor (1955) and Eldredge and Tabor (1955), who tested steel spheres 
rolling on softer metals to understand the nature of rolling friction.

6.4. Relation Between Compressive Deformation and Rolling Friction Coefficient

Based on tests of solid balls made of 85A Natural Rubber (NR) balls, Katsamakas et al. (2022) argued 
that an approximate relation between compressive deformation and rolling friction coefficient exists. 
Fig. 12 (left) offers a comparison between the experimental results of the tests discussed in this paper, 

Figure 11. Influence of the interfacial friction coefficient on the cyclic loops.

Figure 12. Correlation of the rolling friction coefficient (μroll) with the non-dimensional compressive displacement (δ/D), and the 
characteristic stress (W/D2).
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compared to the analytical expression proposed in (Katsamakas et al. 2022) that was derived for softer 
(Shore 85A) solid PU spheres of 100 mm diameter.

The comparison shows that the expression performs relatively well, even though it was derived for 
spheres of different hardness. Fig. 12 (right), shows a linear dependence between the non-dimensional 
compressive displacement (δ/D) and the characteristic stress (W/D2). Note that this linearity cannot be 
extrapolated, as Fig. 6 shows a clear hardening for larger loads.

7. Shake Table Tests

7.1. Indicative Results

Fig. 13 plots the top slab (“Superstructure”) acceleration – displacement loops of the isolated slab for 
the 345 component of the Lucerne near-field pulse-like record from the 1992 Landers (USA) earth-
quake. This ground motion was not acceleration-scaled. The PGA, PGV, and PGD of the motion were 
0.79 g, 200 mm/sec, and 127.7 mm. The results show that the acceleration transmitted to the super-
structure is mildly influenced by the vertical load or type of sphere, with lower vertical loads leading to 
slightly lower accelerations. The dependence on vertical load is clearly larger for the solid 100 mm 
sphere, because it is more flexible. The influence of the curvature of the concrete plate is moderate, 
leading to larger accelerations and lower displacements for the spherical isolators. For example, for the 
case of W = 2.08 kN and 100/50 mm, when spherical plates were used, the accelerations increased from 
0.121 g to 0.148 g, whereas the displacements decreased from 36.1 mm to 25.1 mm. It is noted that the 
specific ground motion led to lateral displacements below 50 mm (model scale); for larger lateral 
displacements, the effect of the curvature of the concrete plates becomes more pronounced (section 
6.1). Notably, the shake-table tests were repeatable: Several ground motions were run 3 times, and the 
response was practically identical, both in terms of displacements and accelerations.

Figure 13. Dynamic response of the isolation system in terms of displacements-accelerations, as obtained during the 345 component 
of the 1992 Landers (USA) ground motion, as recorded at Lucerne station.
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Figure 14. Correlation between the acceleration transmitted to the superstructure (PSA) and PGA for all tested configurations. Top, 
flat concrete plates; bottom, spherical concrete plates.

Figure 15. Correlation between the maximum displacement of the isolators and PGA for all tested configurations. Top, Flat concrete 
plates; Bottom, Spherical concrete plates.

4680 A. A. KATSAMAKAS AND M. F. VASSILIOU



7.2. Scatter Plots for All Ground Motions

Figs. 14–16 show scatter plots between PGA and a) The acceleration of the top slab (Peak 
Superstructure Acceleration – PSA), b) the peak displacement of the isolators, and c) the residual 
displacement of the isolators. The far-field ground motions, the near-field pulse-like motions, and the 
near-field non-pulse-like ground motions are noted with circular, triangular, and square marks, 
respectively. The acceleration measurements of the configuration with flat concrete plates, 100 mm 
spheres, and W = 2.08 kN are not shown in the following plots since, due to a data acquisition 
problem, the accelerations of this configuration were not measured.

For excitations with relatively small PGAs (smaller than 0.10–0.15 g – depending on the config-
uration) that are not strong enough to start rolling the system, the superstructure acceleration is 
roughly equal to the PGA. However, for larger PGAs, the superstructure acceleration seems capped by 
values that are slightly higher than the peak of the force deformation loops of the cyclic loops. For all 
configurations and ground motions, PSA does not exceed 0.20 g. The isolator maintained moderate 
peak displacements during ground motion shaking, which were below 120 mm and 100 mm for the 
flat and the spherical plates, respectively (i.e. 240 mm and 200 mm in the prototype scale).

In all configurations with spherical plates, the residual displacement was negligible (lower than 2.7  
mm). The same conclusion holds for the flat plates, with the exception of 2 configurations where 
residual displacements of 68 mm and 70 mm were observed. For these two tests, the maximum 
displacements were 81 mm and 102 mm, respectively (model scale). These two tests used as excitations 
the 282 component of the Imperial Valley-06, USA ground motion as recorded at the Chihuahua 
station (PGA = 0.23 g, PGV = 190 mm/sec, PGD = 33.7 mm) and the 0 component of the Kobe, Japan 
ground motion as recorded at the Shin-Osaka station (PGA = 0.20 g, PGV = 200 mm/sec, PGD = 37.7  
mm). Notably, these two tests were not the ones with the larger PGA, and no systematic trend between 
the residual displacement, the maximum displacement, and the PGA is observed. These two ground 
motions are mainly characterized by their high PGV; hence, even though no clear trend between the 
displacement of the isolator and the PGV is observed, this could be a starting point for further 

Figure 16. Correlation between the residual displacement of the isolators and PGA for all tested configurations. Top, Flat concrete 
plates; Bottom, Spherical concrete plates.
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research. It is noted that, after the conclusion of each shake-table test, if the residual displacement 
exceeded 1 mm, the isolators were placed back to zero position before the initiation of the next shake- 
table test.

Overall, for the vast majority of the ground motions considered, the residual displacement was 
negligible, even when flat isolators were used. This conclusion is linked to the applied uniaxial seismic 
excitation. A three-dimensional excitation would lead to different isolator displacements. Given the 
current state of the practice in low-income countries, one could consider using flat isolators in cases 
where manufacturing the spherical molds is not technically feasible. However, more research is needed 
in this direction to take into account the influence of any accidental inclination on systems exhibiting 
these novel loops that significantly deviate from a pure friction model for which a restoring force is 
necessary (Constantinou, Mokha, and Reinhorn 1991; Tsopelas and Constantinou 1997).

After the shake table tests, a set of cyclic tests was performed again to evaluate the deterioration of 
the spheres. The response was practically the same. Hence, no deterioration occurred.

8. Phenomenological Modeling of the Isolators

This section presents a 5-parameter phenomenological numerical model that is used to model the 
uniaxial lateral dynamic behavior of SDRSIs. The model can be easily extended to model the planar 
lateral behavior. Such an analytical prediction of the response is fundamental in the design of a seismic 
isolation system, in developing simplified methods of analysis, and in performance evaluation. Three 
different isolation configurations are examined as representative of the experimental results, using 
different types of spheres (100 mm, 100/50 mm, or 80/50 mm), concrete plates curvature (flat or 
spherical), and vertical load levels (3.23 kN or 4.74 kN).

8.1. Calibration Based on the Lateral Cyclic Tests

The phenomenological model is described by the following equation (Equation 3): 

where F is the restoring force of the isolator, m is the mass that the isolator carries, u is the horizontal 
displacement of the isolator, and ω is the cyclic frequency of rolling motion on the spherical plates 
according to the rigid body model. For the spherical plates used in the present study, ω = 1.83 rad/s 
(Table 2). The cyclic frequency of rolling motion is equal to zero when flat plates are used. The force at 
zero displacement (normalized to m), Q, is equal to μroll×g, where μroll is the rolling friction coefficient 
(measured from the force at zero displacement) and g is the gravity acceleration. The term Q2 is 
a parameter of the phenomenological model that controls the additional breakaway force sourcing 
from the flattening of the sphere. The term Q3 controls the negative stiffness branch that sources from 
the flattening (shape-change due to compression and creep) of the sphere. The units of all the 
parameters used in the model are: u (m), Q (m/s2), Q2 (m/s2), Q3 (1/s2), α1 (m/s2), α2 (m). The 
numerical model assumes rigid behavior for the superstructure. The “ode45” solver of MATLAB 
(Mathworks, 2022; Shampine and Reichelt 1997) was used to solve Eq. (3). This single-step solver is 
typically used to solve nonstiff differential equations and is based on an explicit Runge-Kutta formula, 
the Dormand-Prince pair (Dormand and Prince 1980). The solver is defined by two parameters; the 
relative and the absolute error tolerance. These parameters were set to 10−3 mm and 10−6 mm. 
Preliminary parametric analyses revealed that further refinement of these parameters does not 
increase the accuracy of the model, but only result in longer solution time.

The probability density function of the beta distribution is noted as betapdf (Wasserman 2004). The 
beta distribution is characterized by the factors α and β that define the shape of the curve. In the 
present model, α = 2 and β = 5, to obtain a shape of the probability density function that is compatible 
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to the experimental tests (these values of α and β remained unaltered in all cases). The parameters a1 
and a2 modify the height and the lateral displacement of the distribution, and are calibrated based on 
the experimental results. Note that the model applies only for rotations of the balls smaller or equal to 
the ones that this paper has tested. It cannot be used to extrapolate to larger rotations.

Firstly, the Q2, Q3, a1, and a2 parameters are manually calibrated, through a trial and error 
procedure, with the aim of obtaining a good fit on the cyclic tests. Since the three studied isolation 
configurations were calibrated independently, the resulting values of Q2, Q3, a1, and a2 were different 
for each configuration (yet close to each other). The value of μroll was set as equal to the experimental 
force at zero displacement (noted in Fig. 8). Fig. 17 shows the results of this calibration procedure, 
together with the values of the parameters μroll, Q2, Q3, a1, and a2 that were used. The proposed model 
can capture the different parts of the response with reasonable accuracy. The model was calibrated on 
the behavior of the isolators after the first cycle – hence it does not capture the decrease of the 
breakaway force that is observed between the first and the second cycle. The values adopted for the 
parameters of the model (μroll, Q2, Q3, a1, and a2) depend on the sphere characteristics and the vertical 
load level.

8.2. Prediction of the Shake-Table Results

After the calibration based on the cyclic tests, the model was used to predict the shake-table response 
of the isolators. The response of the isolators is velocity-dependent. This can be deduced from Fig. 13, 
where (e.g. for the flat plates) the PSA is larger than the maximum lateral-to-vertical force ratio 
obtained from the lateral cyclic tests (Fig. 8). This is attributed to the rate-dependent mechanical 
properties of PU (Somarathna et al. 2020; Weißenborn, Ebert, and Gude 2016). It is assumed that this 
dependency originates primarily from μroll, with larger velocities leading to larger values of μroll. Due to 
the absence of lateral cyclic tests under larger velocities, a μroll – velocity relation was deduced from the 
shake table tests: At zero lateral displacements, the velocity of the slab was derived by differentiating its 
position. The acceleration of the system was directly measured at zero displacement. Dividing the 
acceleration with the gravity acceleration (g), provides μroll. Fig. 18 plots the values of μroll obtained for 
different velocities for some indicative cases. As the form of the experimental data is similar to the 
form of the friction coefficient – velocity relation for Teflon sliding bearings, an equation similar to the 
one proposed by Constantinou, Mokha, and Reinhorn (1990) is fitted to the data:

where fmax is the value of μroll at large velocities,  fmin is the minimum possible value of μroll, Df = fmax – 
fmin, and A is a model parameter that controls the shape of the μroll-velocity curve. All these parameters 
are non-dimensional, with the exception of A, which is defined in sec/mm. The model was calibrated 
independently for each of the examined cases, and the resulting set of parameters is offered in Fig. 18.

Figure 17. Calibration of the phenomenological model based on the lateral cyclic tests.
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The efficiency of the proposed model is assessed by comparing the shake-table and the 
numerical results. The values of the Q2, Q3, a1, and a2 parameters used in each configuration 
for the prediction of the shake-table tests are equal to the ones used in the lateral cyclic tests 
(noted in Fig. 17). The corresponding values of the velocity-dependent μroll appear in Fig. 18, 
which is the only parameter that differs between the lateral cyclic and the shake-table tests. The 
response parameters of interest are the maximum displacement (umax) and the Peak 
Superstructure Acceleration (PSA). Two different comparison approaches are employed; a one- 
by-one comparison and a statistical model validation approach (Bachmann et al. 2018; Yim, 
Chopra, and Penzien 1980).

8.2.1. One-By-One Comparison
Figs. 19 and 20 compare the results of the phenomenological model to the experimental ones for two 
specific ground motions; the 345 component of the 1992 Landers (USA) ground motion, as recorded 
at Lucerne station and the 0 component of the 1989 Loma Prieta (USA) ground motion, as recorded at 
Capitola station, respectively. These ground motions were selected as they were strong enough to 
induce moderate-to-large displacements to the isolators.

The phenomenological model approximates the experimental acceleration-displacement response 
with satisfying accuracy, including both the positive and the negative stiffness branches (Figs. 19, 20, 
first row). The absolute maximum experimental displacement is similar to the phenomenological one, 
and the corresponding time-history is adequately captured; however, there are non-negligible dis-
placement spikes that are not captured by the phenomenological model (Figs. 19, 20, second row). The 
acceleration time-history of the phenomenological model is similar to the experimental one, and 
predicts the maximum acceleration with high accuracy (Figs. 19, 20, third row). The accelerations 
predicted by the phenomenological model have a higher frequency content that is particularly evident 
in the beginning and at the end of the excitation, when the corresponding lateral displacements are 
low. This is also evident in the limited decay of the acceleration time history (Fig. 20). This deviation is 
clear in the acceleration response spectra, where the phenomenological response produces consistently 
higher values of Sa (g) and non-negligible spikes at higher frequencies (Figs. 19, 20, fourth row). Fig. 21 
shows the absolute error of the predictions of umax (top row) and PSA (bottom row). The maximum 
absolute error in predicting PSA is approximately 32%, while in most cases it is below 10%. The error 
in predicting umax is much larger: The model can overpredict up to 160%. However, this large value of 
error is related to very small displacements that would not govern design. For ground motions that 
induced more than 20 mm displacement (40 mm in the prototype scale), the absolute error of umax 
predictions is smaller than 50%, and in most cases, smaller than 25%. The general trend observed is 
that, as the displacements increase, the error reduces. Therefore, the model predicts accurately the 
strong excitations that are critical for design. Fig. 21 also shows the average absolute error for each 
configuration and response magnitude.

Figure 18. Calibration of the velocity-dependent value of the rolling friction coefficient (μroll).
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Among the 3 isolators discussed in this section, the highest average absolute error is 28.1% and 
7.4% for umax and PSA, respectively. Moreover, the phenomenological model does not consistently 
under- or overpredict the response.

Fig. 22 compares the experimental and the numerical results, both for the maximum 
displacement (umax) and the PSA, using a scatter plot. The vast majority of the points is 
concentrated close to the diagonal (with the line showing equality between the two axes), 
meaning that the experimental and the numerical results are closely correlated. Moreover, the 
scatter (distance from the diagonal) is reduced as the values of umax increase, indicating that 
the model is more accurate at larger lateral displacements. These large lateral displacements 
are the ones that govern design. The accuracy of the model is also confirmed by the 
correlation coefficient (R) that ranges between 0.77 and 0.91, indicating strong correlation 
(Fig. 22).

Figure 19. Comparison of the experimental and the numerical response of the studied configurations during the 345 component of 
the 1992 Landers (USA) ground motion, as recorded at Lucerne station (near-field pulse-like ground motion).
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Overall, the observed accuracy of these predictions is also consistent with the results obtained by Ipek, 
Wolff, and Constantinou (2021) for structures with different seismic isolation systems. It is noted that, 
for real buildings and more complex, three-dimensional seismic excitation, the error of the analytical 
prediction is expected to increase. The error of the analyses presented both in this paper and in the study 
of Ipek, Wolff, and Constantinou (2021) is the result of uncertainties in the behavior of the tested 
structures, which can be accounted for in analysis and design using bounding methods of analysis.

8.2.2. Statistical Comparison
The statistical model validation approach compares the Cumulative Distribution Functions (CDFs) of 
the main response quantities of the experimental results and the phenomenological model. The 
accuracy is quantified using the p-value of the two-sample Kolmogorov-Smirnov test (statistical 
comparison) (Kolmogorov 1933; Smirnoff 1939). In the Kolmogorov-Smirnov test, two hypotheses, 

Figure 20. Comparison of the experimental and the numerical response of the studied configurations during the 0 component of the 
1989 Loma Prieta (USA) ground motion, as recorded at Capitola station (far-field ground motion).
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H0 (which is tested), and its opposite, H1, are considered. The tested null hypothesis H0 is rejected 
when the p-value of the K-S hypothesis test is lower than a statistical significance threshold, which is 
typically set to 0.1 (Wasserman 2004). The p-value is the outcome of the test and does not indicate the 
probability that H0 is true, but rather the probability that, if hypothesis H0 is true, the observed 
outcomes would conform with the opposite hypothesis H1. A detailed explanation of hypothesis 
testing procedures can be found in (Kolmogorov 1933; Smirnoff 1939; Wasserman 2004). In our case, 
the null hypothesis (H0) is that the experimental and the numerical CDFs for umax and PSA converge 
to the same, yet unknown, CDF. The p-value was computed for the following hypotheses: 

Figure 21. Absolute error of the phenomenological model in comparison to the experimental shake-table tests.

Figure 22. One-by-one comparison of the results of the phenomenological model to the experimental shake-table tests.
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where �FNumerical and �FExperimental are the numerically and experimentally estimated CDFs. Fig. 23 
compares the numerical and experimental CDFs of umax (top row) and PSA (bottom row). The 
CDFs match well. In fact, the CDF calculated using the phenomenological model is always within the 
95% Confidence Interval (CI) of the experimental response both for umax and PSA.

The calculated values of the two-sample Kolmogorov-Smirnov test (p-values) range between 0.93 
and 0.98 for umax and between 0.33 and 0.98 for the PSA (Fig. 23). Therefore, for all cases, the p-value 
is at least 0.33, which is well above the 0.1 threshold, that is typically used for two-sample testing 
(Wasserman 2004). Hence, the experimental and the numerical results originate from the same CDF.

9. Summary, Conclusions, and Future Research

The present study investigated the compressive, creep, lateral cyclic, and shake-table response 
of an isolator based on rolling PU spheres of shore hardness 95A (with and without steel 
core) rolling on concrete plates. Different levels of supported weight and curvatures of 
concrete plates were considered. A total of 21 different combinations of vertical load, sphere 
dimensions, and concrete plate curvature were tested under lateral cyclic loading. In the 
shake-table tests, 18 combinations were tested with 65 ground motions each, leading to 
a total of 1170 shake table tests. Subsequently, a phenomenological model was calibrated 
based on the lateral cyclic tests and was used to predict the shake-table response of the 
proposed isolators. According to the experimental and the numerical results, the following 
conclusions are drawn:

(1) The compressive strength of the spheres is substantially higher than the estimated design 
vertical load applied to the spheres, considering an application in a low-rise residential 
masonry structure in low-income countries. The presence of the steel core makes the isolators 
stiffer.

Figure 23. Statistical comparison of the results of the phenomenological model to the experimental shake-table tests.
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(2) The lateral cyclic response differs substantially from the one that a rigid body model would 
suggest. This is due to the non-negligible deformability of the spheres that leads to both positive 
and negative stiffness branches. Change in gravitational potential energy and, therefore, 
restoring force occurs not only because of the curvature of the concrete surface but also 
because of the oval shape to which the spheres deform.

(3) The lateral cyclic response is affected by the curvature of the concrete surface. When spherical 
plates are used, the stiffness of the system increases. The final stiffness of the isolators is affected 
by the deformed shape of the isolators (source of negative stiffness) and the curvature of the 
concrete plate (source of positive stiffness). For the curvature of concrete plates, spheres and 
loads considered, the influence of the curvature of the concrete plates is particularly evident in 
large lateral displacements (larger than 70 mm in model scale), where the stiffness may reach 
either zero or mildly positive values.

(4) An increase in the vertical load (W) leads to a linear increase of the rolling friction coefficient 
(μroll). In fact, for the part of the parameter space considered, the rolling friction coefficient is 
practically linearly related to the non-dimensional compressive displacement (δ/D) and the 
characteristic stress (W/D2). The rolling friction and energy dissipation source from energy 
dissipation within the sphere – not from surface friction with the concrete plates. Therefore, 
different compounds could exhibit different rolling friction.

(5) During the uniaxial shake-table tests with excitations at the order of the seismicity of Santiago, 
Cuba, the isolators significantly reduced the accelerations transmitted to the superstructure (in 
the range of 0.15 g), while maintaining displacements below 120 mm in the model scale (240  
mm in the prototype scale). In all tests with spherical plates, the residual displacement was 
practically zero (i.e. less than 2.7 mm). Even when flat plates were used, the residual displace-
ment was less than 4 mm with the exception of 2 tests. These values hold under the applied 
uniaxial seismic excitation and neglect the superstructure flexibility. The presence of bi- 
directional horizontal motion would influence the results. The vertical ground motion com-
ponent is also expected to influence the response of the proposed gravity-based isolators. In 
a practical application, the use of one concave plate is suggested to reduce residual 
displacements.

(6) When the same isolators were subjected to 3 identical sequential uniaxial shake table excita-
tions, the measured response, both in terms of accelerations and displacements, was practically 
the same. Therefore, the performed shake-table tests were repeatable.

(7) Even after being subjected to 65 uniaxial ground motion excitations, the isolators do not 
deteriorate, and their cyclic lateral response remains practically unaffected by the loading 
history.

(8) A 5-parameter phenomenological model was developed and calibrated based on the lateral 
cyclic tests. The proposed model accurately captured both the positive and the negative stiffness 
branches of the lateral cyclic response and accurately accounts for large lateral displacements.

(9) A velocity-dependent law for μroll was introduced to the phenomenological model, that was 
used to captured the experimentally observed shake-table response. The model predicted the 
shake-table response of the isolators with an average absolute error that ranged between 
17.2-28.1% and 5.5-7.4% for the maximum displacements and accelerations, respectively. 
When the same results are statistically validated, the CDF curves match well, with the 
numerical being inside the 95% confidence interval of the experimental one, and the p-value 
always being higher than 0.33.

The conclusions of the present study are linked to the adopted testing conditions and approximations. 
Therefore, the following topics are open to further research:
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(a) Lateral cyclic tests under higher velocities need to be performed to further investigate the 
behavior of the proposed isolator and obtain a detailed description of the velocity dependency 
of μroll.

(b) The system-level response of a seismically-isolated masonry dwelling supported on the pro-
posed deformable rolling isolators, including three-dimensional earthquake excitation, 
remains to be quantified. In this system-level shake-table investigation, the finite strength, 
the flexibility, and the detailed geometrical characteristics of the superstructure should also be 
accounted for.

(c) In all tests that were performed in 1:2 scale, similitude of geometry, stresses, forces and time is 
preserved. The potential scale-dependence of the material properties of rubber is ignored. 
Therefore, further full-scale studies are needed to evaluate the existence of scale effects of 
rolling rubber isolators.

(d) Alternative variations of the isolator, with a thinner layer of rubber, could be used so that the 
behavior of the isolator can be approximated by a bilinear model. This would simplify the 
design procedure.

(e) Even though PU is not particularly susceptible to environmental corrosion (Konstantinidis, 
Kelly, and Makris 2008), the long-term behavior and degradation of the isolator under 
environmental conditions should be quantified to guarantee that the proposed bearings remain 
reliable after many years of service.
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