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1. Introduction
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Seismic isolation has become a widely accepted method for the protection of structures and nonstructural components. However, this
control strategy is unfavorable against near-fault earthquakes, particularly those featuring velocity-pulse effects. Excessive isolation
displacements and accelerations can occur during such earthquakes, resulting in amplified responses of the superstructure. To resolve
this problem, this study develops a prototype of the eccentric rolling isolation system consisting of one platform eccentrically pin-
connected to four circular rollers. The eccentric pin connection yields a nonlinear restoring force of the proposed system and results in
displacement-dependent resonances, and the inherent mechanical friction also yields an energy dissipation capability of the system. As
the magnitude of ground excitation increases, the prototype system generates a lower resonant frequency away from the dominant
frequencies of earthquakes. This behavior is experimentally investigated and verified for mechanical behavior and seismic performance.
In the experiment, sinusoidal, far-field, and near-fault ground motions are considered in shaking table testing. Some parameters, such as
the eccentricity, roller size, and inertial force, are also experimentally investigated. As found in the experimental result, the feasibility of
the prototype system is successfully verified. Meanwhile, the comparable simulation results further validate the mathematical model of
the prototype system. Consequently, the eccentric rolling isolation system has demonstrated isolation effectiveness against far-field
ground motions and has good potential to perform better than a linear system under near-fault ground motions.

protect essential components and equipment against
earthquakes [9, 10].

Seismic isolation technologies have been studied and proven
to be an effective way to mitigate ground acceleration
transmission to a superstructure [1]. The function of iso-
lation systems is to shift the fundamental period of
a structure from a shorter to a longer period by placing
horizontally flexible isolation bearings between the super-
structure and the base. By introducing the isolation system,
the fundamental period of the structure can be shifted away
from the dominant period of the ground motion, usually by
approximately one second [2]. Such isolation technologies
are implemented in the industry for seismic protection of
buildings [3-8]. The same technologies can be employed to

The issue of near-fault ground motion has led to further
investigation of the seismic performance of long-period
structures excited by ground motions that also possess
long-period (or low-frequency) content. This kind of ground
motion is usually observed at sites near seismic faults, and it
creates an important near-fault issue for seismic isolation
[11-13]. An isolation system is usually designed to have an
isolation period of 2-5s, which is quite effective at reducing
the structural response under most earthquakes. However,
the isolation period of 2-5s coincides with the dominant
periods of near-fault ground motions. Thus, the response
of the isolated structure can be remarkably amplified.
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The effectiveness of isolation systems is negatively impacted,
and moat wall pounding may occur due to the excessive
isolation displacement under near-fault ground motions
[14]. Even if the isolation system is designed to accom-
modate the isolation displacement under the maximum
considered earthquake [15], which is a rare event, the iso-
lation displacement would still probably exceed the design
displacement under near-fault ground motion with an in-
tensity lower than the design earthquake.

Adding damping with isolators is an option to reduce
excessive responses during near-fault earthquakes. For ex-
ample, Jangid [16, 17] investigated the seismic performance
of both lead rubber bearings and friction pendulum bearings
under near-fault motions. As found, both hysteretic and
friction-damping effects can reduce the isolation displace-
ment without significantly increasing the acceleration of the
superstructure, which is also effective in improving the
structural performance against near-fault ground motions.
A sufficiently large damping level can be essential for near-
fault ground motions; however, this large damping becomes
a negative effect in far-field earthquakes, e.g., resulting in
higher story drifts [18, 19]. Recently, an interesting imple-
mentation of rate-independent linear damping (RILD), for
long-period structures subjected to near-fault ground mo-
tions, was also investigated [20-23]. The key feature of the
RILD relative to the conventional linear viscous damper is
that the RILD generates a higher damping force in the
frequency region which is lower than the fundamental
frequency of the system to suppress the displacement. By
using this key feature of RILD, the implementation of RILD
to prevent excessive displacement of the isolation system
under near-fault ground motions was also verified [24-26].
However, designing an isolated structure under both far-
field and near-fault ground motions is challenging.

Alternatively, isolation systems with variable stiffness are
another strategy to enhance the seismic performance of
structures. The variable stiffness can provide nonlinear re-
storing forces and increase the effectiveness of isolation
systems against near-fault earthquakes [27-29]. These iso-
lation systems with variable stiffness may possess a broader
frequency bandwidth to be effective under both far-field and
near-fault ground motions. This feature can be realized in
sliding isolators in which the sliding surface is formed by
variable curvatures, e.g., polynomial shapes [30-32]. Some
researchers employed quasizero stiffness in isolation systems
to generate almost zero stiffness around the equilibrium,
resulting in extra low resonance initially [33-36]. In other
words, the frequency content of external excitations is hard
to lower than that extra low isolation frequency, which
ensures the isolation effectiveness.

In addition to the conventional roller isolation bearings,
the nonlinear restoring force can be generated not only from
a nonlinear rolling surface but also from circular rollers with
eccentric axles (hereafter denoted eccentric pin connec-
tions). Thus, the eccentric rolling isolation system (ERIS),
which is a rolling-type isolation system, was proposed by
Chung et al. [37], and its effectiveness with friction damping
was further studied by Yang et al. [38]. “Eccentricity” is the
concept underlying ERIS, in which the isolation object or
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superstructure is pin-connected to the circular isolator
(roller) eccentrically. Due to the eccentric pin connection,
the restoring force performs nonlinearly and depends on the
rolling angle. The eccentricity and radius of the circular
isolator (roller) are the two most basic and important design
parameters that govern the nonlinearity of the relationship
between the restoring force and the rolling angle. The fea-
sibility of ERIS has been numerically verified in previous
studies [37, 38]. The simulation results also showed that
ERIS attenuates amplification under resonance and can be
more effective than a linear system under near-fault ground
motions. However, the research was conducted based on
theoretical and numerical analyses, and experimental veri-
fication is needed to understand applicability in
practical use.

The objective of this research is to conduct shaking table
testing for a prototype eccentric rolling isolation system and
verify the analytical findings in the previous research. The
equation of motion of ERIS is briefly reviewed and modified
due to the consideration of the inertial effect of the roller.
Then, parametric studies are carried out to demonstrate the
effects on the overall dynamics of this system which are
governed by several important parameters. A prototype
ERIS is then fabricated in-house, and various dynamic
loadings, including sinusoidal, far-field, and near-fault
ground motions, are used as the inputs to this prototype
ERIS for performance evaluation. As found in the experi-
mental results, the friction coefficient of the system is first
identified. Once the friction coefficient is obtained, the
analytical model is verified by comparing the experimental
and simulation results. Based on the verified analytical
model, the prototype ERIS could be numerically studied for
additional cases that exceed the capacity limitation of the
shaking table. Finally, the seismic performances of the
proposed prototype of ERIS are investigated in detail based
on both the experimental and simulation results.

2. Mathematical Model and Numerical
Simulation

The derivation of the equation of motion and the numerical
simulation procedure of ERIS is briefly introduced here. The
prototype ERIS is assumed to be implemented in equipment
isolation, which means that the superstructure is simplified
as a rigid body (Figure 1). The simulation program was
coded in MATLAB software [39], and the function “ode45”
based on the Runge-Kutta method is adopted to solve the
nonlinear equation of motion.

2.1. Equation of Motion. The schematic mechanism of ERIS
is visually similar to a conventional slide or a car with four
wheels. However, its platform is eccentrically pin-connected
at a distance aR from the center of the circular roller
(Figure 2). The shift distance aR is defined by the eccentricity
o times the radius of the roller R. The force of the lumped
mass of the rigid-body superstructure and platform, denoted
by m;, can be applied at the eccentric pin. In past research,
the total mass of the rollers was neglected (i.e., m, = 0) due to
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FIGURE 1: Schematic diagram of ERIS. (a) 3D schematic diagram of ERIS. (b) Side view of ERIS.
—= ] )
11 -]
M———r7
aR |
—Il 'C_ - =
v | TN
I: Platform III: Rigid link V: Socket set screw
II: Circular roller IV: Eccentric pin
FIGURE 2: Detailed mechanical concept of ERIS.
the assumption of the mass of the S}lperstructure being mucb X, = [xg + (RO - aRsin 6)] 7+ [R-aRcos ],
larger than the mass of the roller (i.e., m; > m,). However, if (1)

the application of ERIS is for equipment isolation, the above
assumption is not valid. Therefore, the mass of the roller is
taken into consideration to investigate the inertial effect of
the roller.

From Figure 3, it is clear that the position of the su-
perstructure (X;) and roller (X,) can be represented by the
rolling angle 6 which is the only degree of freedom in the
system. The two displacement vectors are given in the fol-
lowing equation:

X, = [xg +R6]T+ [R]j,

where vectors i and j denote the unit vectors in the hor-
izontal and vertical directions, respectively, and x, is the
ground displacement.

The velocity and acceleration vectors can be obtained by
taking the time derivative of the displacement vectors in
equation (1), once to obtain equation (2) and twice to obtain
equation (3):

= [xg + (R — aR cos 9)9]? + [aRsin 6 - 0] 7,

Vi
vV, = [5cg +R- 9]?,

A = [5&9+ (R—ocRcos@)é+¢stin0-92]?+ [aRsin@-é+(chos9~92 7’,

A = [kg+R-é]T.

To derive the equation of motion, the energy method is
employed by introducing Lagrange’s equation [40] as

follows:
d (oL\ oL N
(=) -==a%, 4
dt(e) g @

(2)

(3)

where the Lagrangian, L, represents the difference between
the kinetic and potential energy of the system (equation (5))
and QY is a nonconservative force corresponding to the
degree of freedom.

L=T-U. (5)
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FiGure 3: Coordinate definition of ERIS for the mathematical model.

The kinetic and potential energy can be calculated from
equations (6) and (7) as

1 2 1 2 1. .2
T= EmiVi +Em,V, +EI,,9

1 ) ) ) ) )
= | %+ 2Rk - 2R (cos 0y + R - 20R’ (cos OF + o’ B8’

(6)

1 . . 1 .
+-m (5c2 + R262 + 2Rx 6) +-m R292,
2 r g g 4 T

U =m;gaR (1 - cos0),

where g is the acceleration due to gravity and I, is the
rotational inertia of the roller. In equations (6) and (7), it is
noted that the kinetic energy of the roller is added to the
system, but it does not affect the potential energy while the
whole system is in motion. To be considered a reasonable
isolation system, it must be capable of energy dissipation and
the frictional damping of Coulomb’s model is introduced in
this paper. The nonconservative force My, can be determined
from the normal force N times the friction coefficient y; and
moment arm R as

QY = -M,, = —u;NR sgn (6). (8)

(7)

It is notable that the friction model in equation (8)
provides effective frictional damping in the system because
of the complexity of the determination of the friction force in
the mechanism, such as the pin and rolling friction. In this
paper, the normal force due to the total weight of the su-
perstructure and roller is adopted (ie., N = (m; + m,)g),
and the friction coefficient p; is further determined by the
experimental results.

Once the kinetic energy, potential energy, and non-
conservative force are determined, the equation of motion
can be further obtained by substituting equations (6) to (8)
into equation (4), and after reordering the derivation, the
equation of motion then becomes

3 - .
R [mi(oc2 - 2acos 0+ 1) + Emr]e +m;gaR sin @ + m,aR* (sin 9)92 + M,

= R[m; (acos 0~ 1) —m, |%,.

The nonlinear equation of motion in equation (9) is used
in the following numerical simulation, including the para-
metric study and resimulation to compare with the exper-
imental results. As compared to the conventional linear

(9)

isolation system, the isolation frequency is no longer fixed
due to the nonlinearity of the system (equation (9)). To
provide a more straightforward understanding of ERIS
compared to the linear system, a small rolling angle is
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considered and the high-order term is assumed to be
negligible. The original equation of motion in equation (9)
can be linearized as

3 1.
R |m; (a—1)° +5m, 0+ m;gaRO + My, = R[m;(a« — 1) —m, | X

According to the linearized equation of motion in
equation (10), the linearized frequency of ERIS f can be
determined from equation (11) as

fo

_ 1] ag
T n \jR[(a— 1)’ + (3/2)1,|

(11)

where r,, is a mass ratio defined as m,/m;. The linearized
frequency of ERIS is governed by three parameters: ec-
centricity, the radius of the roller, and the mass ratio. The
frequency decreases with an increase in the radius and mass
ratio but increases with an increase in eccentricity. When the
mass of the roller is ignored, the result of equation (11)
matches the result derived from previous research [37]. By
introducing the mass of the roller, the implementation of
ERIS becomes easier because a longer isolation period (lower
frequency) can be obtained without using a larger radius R.
Furthermore, equation (11) also implies that the isolation
frequency may be underestimated if the mass of the roller is
ignored when ERIS is implemented for equipment isolation.
This underestimation of the isolation frequency also implies
an underestimation of stiffness and may further result in an
underestimation of isolation displacement.

2.2. Numerical Integration. To further investigate the dy-
namic behavior of ERIS under excitation, the nonlinear
equation of motion is numerically solved by calling the
function “ode45” in MATLAB, which uses the Runge-Kutta
method. The state of the system includes the rolling angle,
velocity, frictional moment, and excitation, which should be
known at the current time step k. However, the frictional
force at the current time step M, [k] is unknown. To de-
termine the friction force at the current time step, the first-
order discrete-time difference equation of rolling velocity is
introduced as

Ok + 1] = O[k] + AtO[k), (12)

where At is the sampling time interval. For a dynamical system
with friction damping, the state of the system can be divided
into two states: slip and stick. If the system is assumed to be in
a stick state, the rolling velocity is zero (ie., O[k + 1] = 0).
Setting equation (12) equal to zero and replacing the rolling
acceleration by substituting the equation of motion into
equation (12), the prediction of the frictional force M, can be
calculated as per equation (13):

. (10)

M = —miR{(l —acosf +71,,)X, +aRsinf- 0+ gasin 0}

miRz{l +a’ —2acos 0 + (3/2)rm}9
At '

+
(13)

In equation (13), the time variable is neglected for
simplicity. If Coulomb’s model is introduced, the prediction
of the friction force in equation (13) should not exceed the
maximum friction force when the system is in the stick state.
On the contrary, if the prediction of the friction force is
greater than the maximum friction force, the stick as-
sumption is invalid. Thus, the exact friction moment equals
the maximum friction force. Consequently, the friction force
at the current time step can be expressed as

M, [k] = min(|Mj [K]|, usNR)sgn (Mg, [k]), (14)

where sgn(-) presents the sign function. After the friction
force of ERIS at the current time step is determined by
equation (14), the full state of the system is known and then
the ODE solver can be called to calculate the state in the next
time step. The entire time history response of ERIS can be
obtained by repeating this procedure.

2.3. Parametric Study. The mathematical model of ERIS and
the simulation procedure are introduced in previous sec-
tions. The sensitivity of several design parameters is also
briefly introduced, especially the sensitivity of the mass ratio,
and a detailed discussion of the other parameters can be
found in the literature [37, 38]. In the following two sections,
a standard set of system parameters is set as follows: the
mass of the superstructure m; and roller m, are set at 10 kg
and 8 kg, respectively (i.e., r,, =0.8), and the radius R and
eccentricity « are set at 7.5cm and 0.3, respectively. For
the two parameters of friction damping, the friction co-
efficient py; and normal force N are set to 0.02 and
176.58 N, respectively. From the derivation of the equa-
tion of motion in the previous section, it is clear that ERIS
is a nonlinear system due to its eccentricity, which implies
that the frequency of the system varies with displacement
(rolling angle). To demonstrate the variation of the fre-
quency of ERIS, undamped free vibration with the initial
angle varying from 1° to 150° with an interval of one degree
is conducted for various eccentricities, radii, and mass
ratios.



2.3.1. Effect of Eccentricity. Figure 4(a) illustrates the sen-
sitivity of eccentricity to the variation of frequency. For any
specific eccentricity, the frequency of ERIS decreases with an
increase in the initial angle, and it approaches the linearized
frequency defined in equation (11) when the initial angle is
small (i.e., §, = 0). Using an eccentricity of 0.3 as an ex-
ample, the frequency varies from 0.767 Hz to 0.365 Hz when
the initial angle increases from 1° to 150°. The greater the
eccentricity, the larger the variation of the frequency. On the
other hand, for any specific initial angle, the greater the
eccentricity, the higher the frequency. Thus, for lower iso-
lation frequencies (or longer periods), a large value should
not be specified for the eccentricity in the practical appli-
cations of ERIS.

2.3.2. Effect of Radius. Similarly, the influence of the radius
on the frequency is illustrated in Figure 4(b). The radius of
the roller plays the same role as the curvature of the con-
ventional friction pendulum bearing: the greater the radius,
the lower the isolation frequency (or the longer the period).
For the case of the radius being equal to 2.5cm, the fre-
quency varies from 1.328 Hz to 0.632 Hz with the considered
range of the initial angle. However, for the case of a radius
equal to 12.5cm, the frequency varies from 0.594Hz to
0.282 Hz with the same range of the initial angle. It is notable
that an ERIS with a large radius also possesses a large
isolation displacement when compared with a case with
a small radius under the same initial angle.

2.3.3. Effect of Mass Ratio. The mass ratio similarly affects
the frequency of the system: the greater the mass ratio, the
lower the isolation frequency (or the longer the period)
(Figure 4(c)). The variation of the frequency generally de-
creases with an increase in the mass ratio. To sum up, an
engineer can select a larger radius or mass ratio or a smaller
eccentricity to implement ERIS with a longer isolation
period.

2.4. Seismic Performance. To better discuss and demonstrate
the seismic performance of ERIS, three simple performance
indices, the displacement, horizontal acceleration, and
vertical acceleration ratios, are, respectively, defined as

maxlx; (0] (s
= 7TR b
. = i (] (162
a PGA
y, < maxtE, (0] (16b)
PGA

Intuitively, ERIS can only be stable when the rolling
angle 0 is smaller than +180 degrees (i.e., +m). Thus, the
horizontal displacement relative to the ground x; is nor-
malized by half of the perimeter 7R. The displacement ratio
must be smaller than one; otherwise, the system is unstable.
The displacement x; can be calculated by removing the
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ground displacement term x_ from the horizontal com-
ponent of X; in equation (1) for numerical simulation (i.e.,
x; = RO—aRsinf) or be directly measured by the dis-
placement transducer during testing. In addition to isolation
displacement, the effectiveness of the acceleration after
isolation being normalized by the peak ground acceleration
(PGA) is also a simple way to determine acceleration re-
duction. For an isolation system, the smaller the acceleration
ratio, the higher its effectiveness. Similarly, the horizontal
absolute acceleration after isolation X;_,, can be calculated
by taking the horizontal component of A, in equation (3) for
numerical simulation or measured by an accelerometer
during testing. Additionally, the vertical acceleration ratio
t,, is also introduced, which has a similar definition as
horizontal acceleration ratio, but with the numerator
replaced by the peak value of the vertical acceleration. The
vertical acceleration x;, could be obtained by measurement
from a vertical accelerometer or calculated by taking the
vertical component of A; in equation (3) for numerical
simulation.

3. Shaking Table Test and Resimulation

3.1. Test Setup. The prototype of the specimen is illustrated
in Figure 5. To avoid slip between the circular roller and the
ground while the system is in motion, four spur gears, i.e.,
rollers rolling on two racks, are adopted. The whole speci-
men is installed on a uniaxial shaking table. According to the
standard production of spurs provided by the industry,
existing spur gears of module 1.5 with 70 and 100 teeth are
adopted (i.e., SSA-1.5-70 and SSA-1.5-100) [41]. The radii of
the two selected spur gears are 5.25cm and 7.5cm. In this
paper, the radius of the spur gear with a radius of 5.25 cm is
denoted as 5cm for simplicity. For each type of roller, two
through-holes corresponding to eccentricities 0.2 and 0.3 are
drilled shown in Figure 6. The corresponding rack is de-
termined by the module of the spur gear (i.e., SRF-1.5-
1000) [41].

Four specimens are designed to investigate the effect of
three key parameters, the radius, eccentricity, and mass
ratio, on the dynamic behavior of ERIS subject to ground
excitations. Detailed specifications are tabulated in Table 1.
Taking specimens SP1 and SP2 as an example, all parameters
are the same except for the eccentricity; thus, the behavior of
the system under different eccentricities can be compared
and studied. Similarly, the effect of the mass ratio and radius
can be investigated by comparing the experimental results
between SP2 and SP3, and SP3 and SP4, respectively. It
should be noted that for SP3 and SP4, the mass ratio is
similar but not identical; the reason for this is that the mass
of the superstructure was only adjusted using the small steel
mass blocks already available in the laboratory. The line-
arized frequencies, which are the highest frequencies of the
four specimens in motion, are also provided in Table 1.

The instrument layout and specimen setup for the four
specimens are shown in Figures 7(a) and 7(b). To measure
the absolute acceleration response after isolation, three
accelerometers are installed on the platform, two of them for
the horizontal and one for the vertical direction. The two
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FIGURE 4: Sensitivity of isolation frequency due to (a) eccentricity; (b) radius of circular roller; (c) mass ratio.

Spur gear
| (roller)

FIGURE 5: Prototype of specimen.



8 Structural Control and Health Monitoring
FIGURE 6: Roller with two eccentricities.
TaBLE 1: Specification of specimens.
Specimen R (cm) o m,(kg) m; kg) [ fo HZ) B
SP1 7.5 0.2 8.01 11.55 0.693 0.628 0.018
SP2 7.5 0.3 8.01 11.55 0.693 0.806 0.020
SP3 7.5 0.3 8.01 24.15 0.332 1.003 0.022
SP4 5 0.3 3.77 11.55 0.326 1.234 0.036
\Y% I I 11 v JIO 11

FIGURE 7: Test setup of specimens: (a) SP1, SP2, and SP4; (b) SP3 (I-IV: accelerometers; V: laser displacement transducer; VI: mass block).

horizontal accelerometers are installed at the center and the
corner of the platform, with the latter considered a “dummy”
and used to further check whether unexpected torsion oc-
curred. The vertical acceleration, which is a trade-off, could
be observed in a similar way as in applications using friction
pendulum bearings or other bearings that use geometry to
obtain a long isolation period. To make sure that the vertical
acceleration is within an acceptable range when ERIS is
tested, a vertical accelerometer is also installed at the center
of the platform. In addition, an accelerometer is mounted on
the shaking table to capture the ground acceleration during
testing.

Isolation displacement, which reflects the cost of space, is
an important index in practical applications. Engineers and
researchers always try to maximize the effectiveness of ac-
celeration and minimize isolation displacement. Thus, a la-
ser displacement transducer placed parallel to the shaking
table is used to measure the horizontal displacement

response of ERIS relative to the ground. To adjust the mass
ratio in this case, additional steel mass blocks painted in red
are attached to the platform for SP3, but the instrument
layout remains the same as for the other three specimens,
shown in Figure 7(b). The weight of the accelerometers on
the platform is considered in the total weight of the su-
perstructure m; listed in Table 1. The uniaxial shaking table
at the National Center for Research on Earthquake Engi-
neering (NCREE) is used for this research. The size of the
table is 80 cm x 50 cm, and the maximum force and stroke of
the actuator are 15kN and +75mm, respectively.

3.2. Test Program. To experimentally verify the seismic
performance of ERIS, the four specimens are subjected to
sinusoidal and seismic excitations. For the sinusoidal ex-
citation, three frequencies, 0.5f, f,, and 2f, are selected
to investigate the response of the system subjected to
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low-frequency, resonant frequency, and high-frequency
cases. The linearized frequency f, corresponding to each
specimen is adopted while the system is subjected to si-
nusoidal excitation. Three PGD amplitudes with twenty-
three cycles (i.e., per amplitude) are implemented for
a specific excitation frequency to explore the effect on ERIS
further. To mitigate the transient response of the system,
a linear increment for the first three cycles is also adopted.
The test program for the sinusoidal excitation is tabulated in
detail in Table 2. The shaking table is actuated by dis-
placement control; thus, the input ground motions are
converted to displacement commands, and all the ampli-
tudes of the excitations are classified and denoted by PGD
for convenience. Moreover, due to the stroke limitation of
the actuator, +75 mm, the maximum value of the PGD is set
equal to 75 mm.

The seismic performance of ERIS subjected to earth-
quake loads is also evaluated. Two earthquake records of
Imperial Valley-06 and Chi-Chi (TCU102, EW) are con-
sidered and detailed in Table 3. From the seismological
perspective, the above two ground motions can be cate-
gorized as far-field and near-fault ground motions [42]. The
original ground accelerations are illustrated in Figures 8(a)
and 8(b), and the corresponding power spectral density
diagrams with PGAs normalized to 1.0 g are also illustrated
in Figure 8(c). Additionally, the two ground motions are
filtered using a high-pass filter with 0.4 Hz to meet the
stroke limitation of the actuator without removing too
many long-period components and the acceleration re-
sponse spectra with PGAs normalized to 1.0 g after filtering
are shown in Figure 8(d). For each ground motion, three
amplitudes are adopted for the shaking table tests in
Table 4.

3.3. Experimental Results and Verification of the Mathemat-
ical Model. In an experimental study, the measurement of
a sensor, especially of an accelerometer, may contain high-
frequency noise induced by the mechanism of the shaking
table or other electronic devices such as the data logger or
controller. Thus, all measurement data of the accelerom-
eters are filtered using a low-pass filter at 10 Hz. Moreover,
by comparing the two measurements of acceleration from
the horizontal accelerometers I and II, they are quite close,
and thus, no unexpected increase of friction or torsion
occurs on this prototype. The mathematical model derived
in the previous section is verified by comparing the resi-
mulation results with the experimental results. Before
resimulation, the friction coefficient of each specimen is
determined by tuning and minimizing an objective func-
tion defined as the error of both the acceleration and
displacement between the simulation and experimental
result with a 50% weighting of each. The objective function
J is defined as

i =0.5 0.5]_,
M?ﬂ(ﬁ]](ﬂd) Ja+0.5], (17)

where ], and ], are two subobjective functions for accel-
eration and displacement, respectively, and are defined as

9
TaBLE 2: Test items for sinusoidal excitation.
Excitation fr 0 SP1 SP2 SP3 SP4
xcitation frequency PGD (cm)

7.5 7.5 7.5 7.5
05 £, 7.0 7.0 7.0 7.0
6.5 6.5 6.5 6.5
4.0 4.0 4.0 4.0
fo 3.0 3.0 3.0 3.0
2.0 2.0 2.0 2.0
6.0 6.0 4.0 4.0
2 f, 4.0 4.0 3.0 3.0
2.0 2.0 2.0 2.0

(Un)Y_,|a. (k] - a (k]|
a= > (18)

max( lae (k] |)

(Un) 3, |de (k] - d, (k]

d= ; - (19)

max(|d, [k]|)

In equation (18), the total error of the horizontal absolute
acceleration between the experimental result a, and simu-
lation result a, for a specific test item was normalized by the
total number of time steps n and the peak value of the
acceleration a,, determined from the experiment. The same
concept is used to define the subobjective in the displace-
ment in equation (19). For each test item, an optimal friction
coefficient ¢ minimizing the objective function J can be
obtained. For a specific specimen, the effective friction
coefficient y in resimulation can be further determined by
taking the average of i; corresponding to each test item (i.e.,
ta = Yitemti/ Niem)- The resultant friction coefficients of the
four specimens are listed in the last column of Table 1. For
SP1, SP2, and SP3, the friction coeflicient is roughly 2%;
however, it increases to 3.6% for SP4. SP1, SP2, and SP3
share the same set of circular rollers (four spur gears with
R=7.5cm). The circular rollers are replaced by four spur
gears with R=5cm in SP4. This mechanical change is
supposed to be the cause of its larger friction coefficient.

3.3.1. Free Vibration. Before testing ERIS under seismic
excitation, free vibration testing is first conducted to check
whether the specimen would roll smoothly or not. The
specimens are manually pulled to a position and then re-
leased to vibrate freely until rest. Figure 9 depicts the hys-
teresis comparison between the experimental and
resimulation results for the four specimens with horizontal
initial displacement equal to 16.71 cm, 16.37 cm, 17.45cm,
and 12.48 cm, respectively (sorted by ascending specimen
name). The maximum shear forces from the experimental
results sorted by ascending specimen name are 12.83N,
17.46 N, 48.52N, and 25.44N, respectively. On the other
hand, the maximum shear forces from the resimulations are
12.51N, 17.55N, 49.04N, and 24.60N, respectively. The
simulation errors are 2.49%, 0.52%, 1.07%, and 3.28%, re-
spectively. A comparison of the hysteresis for the four
specimens in Figure 9 also shows that the simulation result
approximates the experimental result closely. Thus, the
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TABLE 3: Seismic records.

. . . PGA (g)

Type Earthquake (year) Station Direction PGD (cm)
. o 0.128
Far-field Imperial Valley-06 (1979) Coachella Canal #4 135 326
. . 0.304
Near-fault Chi-Chi (1999) TCU102 EwW 8.00

Note. Estimated PGDs were obtained with baseline correction.
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FIGURE 8: Ground excitations: (a) Imperial Valley-06, (b) Chi-Chi, (c) power spectral densities, and (d) acceleration response spectra.

behavior of ERIS can be accurately represented by numerical ~ examination. For a nonlinear system, the dynamic behavior
simulation using the mathematical model derived in the  is not only affected by the frequency but also by the am-
previous section. plitude of excitation; thus, the effect of the amplitude of

excitation should be considered. However, due to the me-

chanical limitations of the shaking table, the performance of
3.3.2. Sinusoidal Excitation. After the specimens are pre-  ERIS subjected to excitation with a large amplitude could not
liminarily checked by the free vibration test, ERIS is sub- ~ be carried out. Thus, such evaluation was conducted by
jected to sinusoidal excitation for further experimental  numerical simulation and compared with the experimental
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TABLE 4: Test items for seismic excitation.
SP1 SP2 SP3 SP4
PGD (cm)
7.5 7.5 7.5 7.5
Imperial Valley-06 6.0 6.0 6.5 6.5
4.0 4.0 4.5 5.0
6.0 6.0 7.0 7.0
Chi-Chi 5.0 5.0 6.0 5.0
4.0 4.0 5.0 4.0
20 T T T 20 T T T
10 | 10 |
z z
g O g Or
1< 3
28 =
-10 + -10 +
-20 L . L 220 . . .
-20 -10 0 10 20 -20 -10 0 10 20
Displacement (cm) Displacement (cm)
—— experiment —— experiment
- -~ simulation - -~ simulation
(a) (b)
60 T T T 30 T T T
40 20 +
20 + 10 |
z z
g O g Or
3 3
2 =
-20 b -10 |
-40 + -20 +
-60 L . ! 230 . . .
-20 -10 0 10 20 -20 -10 0 10 20

Displacement (cm)

—— experiment

- -~ simulation

(0

Displacement (cm)

—— experiment

- -~ simulation

(d)

FIGURE 9: Hysteresis loops under free vibration: (a) SP1, (b) SP2, (c) SP3, and (d) SP4.

results. The two performance indices, the acceleration ratio
and displacement ratio, versus the PGAs of SPI1 are illus-
trated in Figure 10. In Figure 10(a), the acceleration ratio is
equal to one regardless of the frequency when the amplitude
is small. This could be explained by reference to Figure 10(b),

in which the displacement ratio is zero in the corresponding
amplitude range. This means that the system is not active. In
other words, the shear force of the system has not yet
overcome the friction force. For the case of frequency equal
to 2f,, the acceleration ratio is generally smaller than one,
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FIGURE 10: Performance of SP1 under sinusoidal excitation: (a) acceleration ratio vs. PGA and (b) displacement ratio vs. PGA.

which implies that ERIS is effective, and the acceleration
ratio decreases with an increase in amplitude. For the other
two frequency cases 0.5f, and f,, the acceleration and
displacement ratios are much higher than in the case of 2 f,
under the same amplitude. Moreover, for an isolation system
subjected to a sinusoidal excitation with a frequency equal to
or lower than the isolation frequency, excessive isolation
displacement can be observed. Therefore, the applicable
range of amplitude for both the 0.5f, and f, cases is much
smaller than for the 2 f, case. For each case, the experimental
results labeled by solid marker are close to the simulation
results labeled by the dashed line. In other words, the
mathematical model using the identified friction coefficient
can accurately represent the behavior of ERIS.

Similarly, Figure 11 illustrates the relationship between
the performance index and the amplitude of sinusoidal
excitation for SP2. Similar results are observed when the
amplitude is smaller than approximately 120 gal. In other
words, the case of the excitation frequency equal to f,
generally has the highest acceleration and displacement
responses, the case of 2 f, has the lowest responses, and the
performance of the 0.5 f, case lies between the other two. If
the frequency of excitation is double the linearized fre-
quency (i.e., fo = 2f,), ERIS performs reasonably well at
reducing the acceleration without large displacement re-
sponses in the considered amplitude range. The compar-
ison between the experimental and simulation results in
this figure also indicates that the simulation results are
pretty close to the experimental results for all three fre-
quency cases (comparison between the dashed lines and
solid markers). The performances of SP3 and SP4 subjected
to sinusoidal excitation are shown in Figures 12 and 13, and
similar results are observed. Both specimens perform
reasonably well under sinusoidal excitation with a fre-
quency higher than the linearized frequency of the system.

The acceleration ratios for the considered range of am-
plitude are small, and the maximum displacement ratios are
not over 0.2 for the two specimens when the amplitude equals
800 gal (i.e., for SP3 and SP4). When the frequency of ex-
citation is changed to the linearized frequency or half this
value, they are both ineffective at acceleration reduction and
the applicable ranges of amplitude for the two specimens are
also narrow due to the excessive displacement. Nevertheless,
the simulation results for the two specimens approximate the
experimental results.

3.3.3. Seismic Excitation. In addition to being subjected to
sinusoidal excitation, the system is subjected to seismic
excitation to investigate more realistic practical applications.
Numerical simulation results are also provided to exten-
sively demonstrate the performance of certain cases that
could not be examined by shaking table tests or by com-
parison with the experimental results. Two seismic excita-
tions, the Imperial Valley (station Coachella Canal #4) and
Chi-Chi (station TCU102), are adopted for various ampli-
tudes of excitation (Table 4). Additionally, a linear system
with an isolation period of two seconds and a friction co-
efficient of 2% is also simulated to give a baseline for dis-
cussion. The comparison of four specimens and the linear
system subjected to the two ground motions above are,
respectively, illustrated in Figures 14 and 15. The results of
different cases are categorized by different colors (e.g., the
linear system is colored green, and SP4 is colored purple).
The simulation and experimental results for each speci-
men are represented by a solid line and a dot. The ex-
perimental results of four ERIS specimens, subjected to
the two ground motions, are compared with the simu-
lation results of the linear system and tabulated in Tables 5
and 6, respectively.
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FiGUure 11: Performance of SP2 under sinusoidal excitation: (a) acceleration ratio vs. PGA and (b) displacement ratio vs. PGA.
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FIGURE 12: Performance of SP3 under sinusoidal excitation: (a) acceleration ratio vs. PGA and (b) displacement ratio vs. PGA.

(1) Far-Field Imperial Valley Earthquake Motion. For the
seismic performances under the far-field Imperial Valley
earthquake motion, it is clear that all the ERIS cases and the
linear system are effective in mitigating the acceleration
response with different degrees except for some low PGA
cases (Figure 14(a)). The systems are not activated for those
low PGA cases due to excessive inherent frictional damping.
Generally, the larger the PGA amplitude, the better the
acceleration reduction. SP1 has the lowest acceleration ratio,
followed by the linear system, SP2, SP3, and SP4 in that

order. This performance order of the acceleration ratio for
the four ERIS specimens follows the order of the linearized
frequency (i.e., from low to high, Table 1). The performance
in acceleration for SP1 and the linear system are quite close.
Both SP1 and the linear system have about 60% acceleration
reduction when the PGA is higher than 100 gal. However, it
shows a big difference when comparing the isolation dis-
placement between the SP1 and the linear system. SP1 has
lower isolation displacement than the linear system
(Figure 14(b), blue line and green line). For all the cases (i.e.,
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FIGURE 13: Performance of SP4 under sinusoidal excitation: (a) acceleration ratio vs. PGA and (b) displacement ratio vs. PGA.
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FIGURE 14: Seismic performance of ERIS compared with the linear system (T = 2 sec,y = 0.02) under the Imperial Valley earthquake
motion: (a) acceleration ratio vs. PGA and (b) displacement vs. PGA.

four ERIS specimens and the linear system), the isolation
displacement increases with the increase of PGA, the linear
system has higher isolation displacement than the other four
ERIS specimens. In general, the significant difference in the
acceleration ratio for the four ERIS specimens is not ob-
served in isolation displacement, but obviously, SP1 still
requires higher isolation displacement than the other three

ERIS specimens to obtain good acceleration reduction.
Moreover, the experimental results for the two indices
tabulated in Table 5 clearly show that the ERIS performs well
at acceleration reduction under the Imperial Valley earth-
quake motion for various degrees of isolation displacement.
Additionally, the vertical acceleration ratios are all smaller
than one, which means that the ERIS can achieve good
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FIGURE 15: Seismic performance of ERIS compared with the linear system (T = 2 sec, ¢ = 0.02) under the Chi-Chi earthquake motion: (a)
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TaBLE 5: Test results of ERIS specimens and simulation results of
the linear system under far-field Imperial Valley earthquake.

TaBLE 6: Test results of ERIS specimens and simulation results of
the linear system under near-fault Chi-Chi earthquake.

Specimen PGD pGA T I(\i/{j; r, Specimen PGD pGA r lc\i/f:; r, T

* N d : a ay * N d : a ay
(cm) (gal) (cm) (cm) (gal) (cm)

7.5 2633 023 542 040 015 6.0 139.7 062 1461 0.75 0.60
SP1 6.0 180.5 012 283 0.35 0.11 SP1 5.0 1204 050 11.78 0.85 0.53
4.0 1429 010 236  0.39 0.08 4.0 97.0 031 730 099 0.36
7.5 270.0 017 4.01 046 0.19 6.0 140.3 055 1296 113 1.38
SP2 6.0 2175 011 259 045 0.16 SP2 5.0 1204 036 848  1.27 0.98
4.0 1455 008 1.88 0.47 0.11 4.0 97.0 020 471 1.17 0.50
7.5 2679 017 4.01  0.50 0.35 7.0 1640 056 1319 137 1.51
SP3 6.5 2333 014 330 049 0.32 SP3 6.0 139.7 037 872 148 1.05
4.5 1642 010 236 0.53 0.28 5.0 1208 024 565 150 0.67
7.5 2644 033 518 0.68 0.76 7.0 163.6 030 471 1.31 0.53
SP4 6.5 2343 026 4.08 0.71 0.67 SP4 5.0 1186 015 236 136 0.28
5.0 180.9 018 283 0.80 0.43 4.0 958 0.08 126 124 014

- 270.0 - 874 039 -— - 160.0 - 1851 123 -—

Linear' - 230.0 - 7.09 039 — Linear’ - 140.0 - 1475 118 -—
(T=25s) - 180.0 - 508 039 — (T=25) - 120.0 - 11.88 114 -—
e - 160.0 - 447 039 — - 90.0 - 734 1.02 —

- 140.0 - 354 039 —

*Displacement amplitude for command. *Actual measurement of accel-
eration for each test for four specimens. "Results for the linear system are
obtained from numerical simulation.

control performance in the horizontal direction without
sacrificing too much vertical acceleration. Conclusively, for
the ERIS subjected to far-field Imperial Valley earthquake
motion, it is effective in mitigating horizontal acceleration
without too much isolation displacement and vertical ac-
celeration to trade-off, and it potentially performs even

*Displacement amplitude for command. *Actual measurement of accel-
eration for each test for four specimens. "Results for the linear system are
obtained from numerical simulation.

better than the linear system in both acceleration and dis-
placement (e.g., SP1 in Figure 14).

(2) Near-Fault Chi-Chi Earthquake Motion. After comparing
and discussing the control performance for the four ERIS
specimens and the linear system subjected to Imperial Valley
earthquake motion, the control performances of the four



16

15

10 +

Displacement (cm)

210 b
15 ; ; :
20 30 40 50 60
Time (sec)
—— experiment
- - - simulation
(a)
80 T T T
60 |

Acceleration (gal)

260 -
80 : ; ;
20 30 40 50 60
Time (sec)
—— experiment
- - - simulation

(c)

Structural Control and Health Monitoring

150

100 |

Acceleration (gal)

-100 |

-150 . : ;
0 20 40 60 80
Time (sec)
—— experiment

- - - simulation

15 T T T

10 +

Force (N)
(=)

-15 -10 -5 0 5 10 15
Displacement (cm)

—— experiment

- - - simulation

(d)

FIGURE 16: Time history and hysteretic comparison of SP1 under the Chi-Chi earthquake motion with a PGD of 50 mm: (a) displacement,
(b) horizontal acceleration, (c) vertical acceleration, and (d) hysteresis.

specimens and the linear system subjected to the Chi-Chi
earthquake ground motion are further investigated and
compared (Figure 15). From Figure 15(a), it is evident that
the five isolation cases (i.e., four ERIS and the linear system)
are no longer so effective when they are excited by the near-
fault Chi-Chi earthquake motion, and the applicable range
of amplitude for the four ERIS specimens is narrower than
that of the far-field Imperial Valley earthquake motion case.
Based on the acceleration ratios shown in Figure 15(a), the
linear system is considered only to be effective to various
degrees when the amplitude of excitation is lower than
approximately 80 gal, although it increases as the amplitude
increases (green line). In general, SP3 has the highest ac-
celerations (yellow line), followed by SP4 and SP2 in that
order (purple and red lines, respectively). These three

specimens could not exhibit the desired control performance
under the Chi-Chi earthquake motion for the considered
amplitudes, and this outcome could be observed from the
experimental results shown in Table 6 (i.e. large acceleration
ratios). However, differing from the other specimens, SP1
shows better performance, as does the linear system, es-
pecially when the amplitude of excitation continues to in-
crease (blue line). The isolation displacements for the four
specimens and the linear system are illustrated in
Figure 15(b). In general, the linear system has the highest
isolation displacement compared with the four specimens,
and it increases with an increase in amplitude. For the four
specimens, SP1 requires the highest isolation displacement
to achieve a better acceleration reduction, followed by SP2,
SP3, and SP4 in that order.
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TaBLE 7: Comparison of experimental and simulation results of SP1 subjected to the Chi-Chi earthquake motion (PGD: 50 mm).

Specimen Case Disp. ratio (ry) Acc. ratio (r,) Residual disp. (cm)
Experiment 0.50 0.845 0.32

SP1 p,: 0.018 Simulation 0.47 0.853 0.28
Error (%) 6.0 0.95 12.5

It should be noted that specimens SP2, SP3, and SP4 have
higher acceleration ratios and lower displacements than the
linear one until the excitation amplitude is higher than
some level. This is because the linearized frequencies of
specimens SP2 to 4 are close to 1 Hz (1 second) which is
higher than the dominant frequency of Chi-Chi earthquake
motion (Table 1 and Figure 8(d)). As the PGA increases, the
displacement of specimens SP2 to 4 also increases, resulting
in a lower vibration frequency to reduce acceleration re-
sponse. This feature of ERIS could be reviewed in the
section of the parametric study (Figure 4). On the other
hand, the linearized frequency is equal to 0.628 Hz of SP1,
which is initially lower than the other three specimens, and
the vibration frequency decreases with the increase of PGA.
Once the frequency of isolation systems is lower than the
frequency of excitation, a larger displacement and lower
acceleration could be expected, this is what could be ob-
served in the SP1 case in Figure 15. According to the
comparison between the linear system and the four
specimens, it can be seen that ERIS indeed has the potential
to perform better than a conventional isolation system;
however, the key parameters that play an important role in
control performance need to be designed carefully to ob-
tain a better performance in either acceleration reduction
or isolation displacement.

3.3.4. Mathematical Model Verification. By comparing the
simulation and experimental results for the four speci-
mens in Figures 14 and 15, it is evident that the two
results generally agree with each other under both con-
sidered earthquake motions. However, as mentioned
previously, the circular roller with a radius of 5cm is
adopted in SP4 to replace the roller with a radius of 7.5 cm
used in the SP1, SP2, and SP3 specimens. This change
results in a larger deviation of the friction coefficient and
causes a larger error between the simulation and ex-
perimental results of SP4 (Figures 14 and 15, line and dot
colored in purple). To demonstrate the seismic response
of ERIS in detail, the time histories and hysteresis of SP1
subjected to the Chi-Chi earthquake motion with PGD
equal to 50 mm are taken as an example and illustrated in
Figure 16. The blue solid line and red dashed line rep-
resent the experimental and simulation results, re-
spectively. It is evident that the simulation results are
reasonably close to the experimental results for both the
acceleration and displacement response. The comparison
of peak values is tabulated in Table 7. The simulation
errors relative to the experimental results for the dis-
placement and acceleration ratios are 6.0% and 0.95%,
respectively. Moreover, the restoring capability of ERIS is

strong, as indicated by the small residual displacements
for the simulation and experimental results, 0.28 mm and
0.32 mm, respectively.

4. Conclusions

The concept of the eccentric rolling isolation system proposed
in previous research was experimentally verified with a pro-
totype of a unilateral mechanism consisting of one payload
platform, four spur gears (as rollers), and two racks. The
mathematical model was also modified by further considering
the inertia of the roller, which can significantly affect the
dynamic behavior when ERIS is implemented for equipment
isolation. The seismic performance and feasibility of ERIS
were carefully examined by numerical simulations and
shaking table tests. The key parameters that determine the
behavior of ERIS were investigated by numerical simulation
of free vibration and forced vibration with sinusoidal and
seismic excitations. The mathematical model was further
confirmed by comparing the simulation results with the
experimental results. Consequently, the feasibility of the
proposed ERIS mechanism and the validity of the mathe-
matical model were both verified. Some concluding remarks
are summarized as follows:

(1) Based on the sensitivity study of the mass ratio, the
simulation results revealed that the inertia of the
rollers does affect the dynamic behavior of ERIS. A
larger mass results in a larger mass ratio and lower
isolation frequency, which is desired in seismic
isolation. Additionally, by introducing the inertia
of the circular rollers, the linearized frequency of
ERIS remains low without adopting a big circular
roller (i.e., a large radius), which helps downsize
the ERIS mechanism and makes its design more
flexible.

(2) The mathematical model modified with the con-
sideration of the inertia of the roller was derived and
successfully verified by shaking table tests. The roles
of the key design parameters including the radius of
the roller, mass ratio, and eccentricity could be
captured and reproduced by the model.

(3) For the proposed ERIS mechanism, the assump-
tion of effective friction damping with Coulomb’s
model to represent the energy dissipation of
ERIS was also verified. For such a rolling mech-
anism, the inherent friction may be induced by
many movable components; however, it can be
simplified and represented by one effective friction
coefficient for the entire proposed ERIS
mechanism.
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(4) ERIS performs well when the system is subjected to
far-field earthquake motions. Relative to the con-
sidered linear system, the ERIS has similar or a little
bit better acceleration reduction with a smaller de-
mand of isolation displacement.

(5) When near-fault ground motions are considered,
generally, the seismic performance of ERIS subjected
to near-fault ground motions is not as good as the
performance under far-field earthquake motions.
However, ERIS can also potentially mitigate the
acceleration response if appropriately designed.
Relative to the considered linear system, a sound
acceleration reduction could be performed by ERIS
with a similar demand of isolation displacement.

(6) Based on the numerical and simulation results, the
behavior of the nonlinear ERIS system is sensitive to
various design parameters and excitations; thus, they
should be carefully considered in practical applications.

(7) The feasibility of the prototype ERIS is preliminarily
verified, and the specification designed as specimen
SP1 generally shows better performances under the
considered excitations, which exhibits a good design
reference for practical implementations.

(8) The bilateral mechanism, design procedure, and
structural isolation of the ERIS are the future scopes.
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