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Abstract In near-fault seismic zones, the vertical
acceleration experienced during a strong event can be
greater than horizontal acceleration. Methods to
reduce horizontal acceleration are applied in various
forms and are in common use. However, methods to
reduce vertical acceleration, and practical protection
systems for these applications, remain elusive. One
strategy to protect structures, which has been demon-
strated to be effective in situations where the excita-
tion is horizontal, is to isolate the structure. For
vertical excitations, this is difficult due to the need to
maintain sufficient stiffness and strength in the
direction of gravitational loads. The need to maintain
high stiffness for gravity loading while allowing
flexibility for isolation during earthquakes has led to
research on the use of High-Static-Low-Dynamic
Stiffness Systems (HSLDSS) and in particular Quasi-
Zero Stiffness Systems (QZSS), which have zero
equivalent stiffness in the equilibrium position.
Although effective, the QZSS is sensitive to mistuning
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and prone to large deformations for relatively small
increments in static load for building applications.
This paper presents the results of an analytical and
experimental study in which a HSLDSS isolation
system carrying a payload is subject to vertical base
excitation using sinusoidal as well as actual, scaled
earthquake signals. Static loading tests are also
presented. This isolation system consists of rigid
rotating arms, horizontal and vertical springs and a
vertical damper. By a suitable selection of parameters
this could also serve as a QZSS. Results show that both
the QZSS and HSLDSS can significantly reduce the
magnification of the force as well as the transmission
of the acceleration and that the HSLDSS retains
stiffness at the equilibrium position. The numerical
model includes friction and is solved using direct
integration of the equation of motion. Experimental
results from a scale model agree well theoretical
predictions.

Keywords Quasi-zero stiffness system - Seismic
isolation - Vertical component of earthquake - High-
static-low-dynamic stiffness system - Passive isolator

List of symbols

l Length of inclined bars

m Mass of the system

kp Horizontal spring stiffness

k, Vertical spring stiffness

ke Equivalent stiffness of mechanism

kno Horizontal spring stiffness of QZSS
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A Ratio of horizontal spring stiffness to the
vertical one

p Ratio of horizontal spring stiffness in a
HSLDSS to that of QZSS

c Viscous damping coefficient

14 Damping ratio

Wy Natural frequency of a linear system
wy Frequency of the mechanism

0 Angle of the inclined bars with horizontal axis

0o Angle of the inclined bars with horizontal axis
in unloaded position

0, Angle of the inclined bars with horizontal axis

in static equilibrium position

F Force applied on the mass

F; Force in inclined bars

F, Force in the vertical spring

F Force in the horizontal springs

b Horizontal projected length of each arm

by Horizontal projected length of each arm in
unloaded position

Ry Vertical bearing reactions at the bottom of the

arms

X Vertical upward displacement of mass from the
unloaded initial state

X Static displacement of mass at the equilibrium
position

y Vertical relative displacement of mass with
respect to the base

Z Displacement of the base excitation

fa ~ Maximum friction force
Smag ~ Force magnification ratio
Vd Velocity tolerances

1 Introduction

The importance of the vertical component of earth-
quake isolation is undeniable especially in near-fault
areas, based on the database of previous earthquakes
[1].In 1991, Niazi and Bozorgnia showed that the ratio
of 2/3 for vertical-to-horizontal peak acceleration ratio
V/H for designing structures is not conservative in
near-fault areas [2]. This ratio is generally higher in
the near-field than the far-field, at low frequencies than
high frequencies and on soil than on rock base [3]. In
another paper, Papazoglou & Elnashai indicated that a
V/H ratio exceeding 1.7 can cause damage to struc-
tural elements [4]. Based on evidence, the damage was
seen to be due to the increase in axial compression
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forces in columns and shear walls which is also a threat
to human life. In addition, fluctuation in the forces led
to flexural or shear failures in those members.
Moreover, the vertical component of the earthquake
can cause damage to non-structural elements as well
[5, 6]. Therefore, it is worth pursuing research on
vertical seismic base isolation to decrease transmis-
sion of the vertical acceleration to a structure in near-
fault areas.

Although most of the successful isolation mecha-
nisms in use are for horizontal seismic excitation,
vertical isolation has also been investigated, particu-
larly in the last decade. For instance, the use of a lead-
rubber bearing to isolate a structure from the vertical
component of earthquakes has been investigated.
However, it was shown that it can amplify the
acceleration and is not suitable for isolating structures
in the vertical direction [7]. Furukawa et al. [8] also
have done experimental research on a four-storey
building on a base isolator and found out that, although
the vertical component of the earthquake is amplified,
the damage was not detrimental for vertical ground
acceleration below 2 g in base-isolated buildings.
Some papers focused on 3D seismic isolation. Liu
et al. [9] investigated a three-dimensional isolator for a
four-storey building subjected to seismic ground
motions. This mechanism includes two separate layers
for isolating structures in different directions: a lead-
rubber bearing in the horizontal direction and simple
linear springs in the vertical direction. The results
showed that the mechanism reduced the acceleration
response of the building. Another paper proposed
vertical seismic base isolation with a variable stiffness
using hydraulic cylinders which was shown to be
effective in reducing the axial force as well as
acceleration [10]. Wei et al. [11] proposed a method
of designing a 3D seismic isolator with separate layers
for vertical and horizontal isolators and shaking
table testing validated this technique.

The numerical investigation conducted by Barbieri
et al. [12] employed semi-active control strategies in a
two-storey building on a seismic vertical isolation
system with changeable stiffness. This did not depend
on applying dynamic forces to oppose the earthquake
forces. Instead, isolation was achieved by changing
the stiffness of the support to half its static state, when
either the acceleration or the velocity of the base
exceeds a specific value, with results showing that
transmissibility of acceleration could be reduced by
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using an isolator with such stiffness variation. How-
ever, this was a specific case study and would require
an active control system to change the stiffness.

Turning to a mechanical engineering concept for
passive isolators, nonlinear isolator mechanisms with
positive and negative stiffness elements have been
popular. In 2011, Le and Ahn adopted two inclined
bars connected to vertical and horizontal springs to
create a Quasi-Zero Stiffness Systems (QZSS) for
isolating seats in vehicles from vibrations [13].
Subsequently, experimental investigations were con-
ducted for low-frequency vibration of a Negative
Stiffness System (NSS) [14]. This mechanism, which
was developed for a vehicle seat suspension, showed
good isolation for a wide range of frequencies in
comparison with a system without the NSS. Moreover,
Le and Nguyen suggested adjusting the parameters of
the system in order to maintain optimal performance
and isolation in case of changes in the self-weight of
the payloads [15]. In another paper, an optimization
was performed for four different seat isolation systems
with negative stiffness structures to find the ideal
design [16]. The optimisation was based on a
compromise between the required load-bearing capac-
ity of the mechanism and the bearing flexibility for
higher isolation. This is because larger negative
stiffness reduces the bearing capacity while isolating
the seats from vibration coming from road profiles.
Mochida et al. [17] also investigated the use of
negative stiffness in reducing transmission of forces in
structures and suggested its use for seismic isolation,
but the analysis was limited to the static case, and they
did not conduct a dynamic analysis. Systems that
provide such varying stiffness are called High-Static-
Low-Dynamic Stiffness Systems (HSLDSS). If the
system is designed to have zero stiffness at the
equilibrium state, these are called QZSS.

The benefits of active control using time delay or
adaptive active controls have been investigated as well
[18-20]. Local and global bifurcations for a triple
springs QZSS were investigated in [21]. Liu and Yu
took advantage of modelling of a QZSS to examine the
superharmonic behaviour, while taking into account
the damping effects of the vertical and lateral springs
as well as the revolution joint [22]. In another paper,
they studied the superharmonics of a QZSS and the
effects of different parameters on them [23]. It was
shown that by decreasing either the nonlinearity of the
system or the amplitude of the excitation, these

superharmonic resonances became weaker. Increasing
the damping ratio also has the same effect on the
superharmonic resonances. In addition, these super-
harmonics did not affect the isolation performance for
the high-frequency range which was still better than an
equivalent linear isolator.

A QZSS can isolate a system over a wide range of
frequencies. Therefore, it has been suggested by many
researchers as a candidate for seismic isolation of
structures. This is because by reducing the natural
frequency of the system to lower than 0.5 Hz, isolation
of the vertical acceleration can be improved for the
high-frequency range (above 1 Hz). Asai proposed a
QZSS with a variable ellipse curve mechanism to
reduce the acceleration response of structures and
proved the efficiency with a prototype experiment
[24]. Liu et al. [25] proposed an isolator including a
QZSS and a vertical damper to reduce vertical ground
motion in near-fault earthquakes. In a number of
papers Zhou and co-authors proposed a 3D base
isolator for both vertical and horizontal components of
earthquake using a QZSS and lead-rubber bearing base
isolator [26-28]. Zhu et al. [29] investigated the
efficiency of a QZSS isolator through experiments and
compared the results with analysis for sine sweep
input. Bouna et al. [30] proposed a QZSS for the piers
of a multi-span bridge to isolate vibration and
compared this system with a linear viscoelastic
isolator. Najafijozani et al. [31] innvestigated several
3D adaptive seismic isolator mechanisms for nuclear
powerplant equipment. In this study, six adaptive
vertical isolators with linear and nonlinear stiffness
and damping were compared. The results showed that
the system with a nonlinear spring (with hardening
behaviour) and linear damping decreases the peak
response acceleration more than other cases. In
addition, the linear or nonlinear damping did not
significantly affect the response.

The studies on vertical isolators to date do not
consider theoretical and experimental investigation
into the performance of non-QZSS or HSLDSS
isolators with friction elements under seismic loading.
The purpose of this paper is to address these questions.
The results from this study show that by a careful
choice of HSLDSS parameters, it is possible to retain
some effective stiffness at the static equilibrium
position to maintain a relatively stable equilibrium,
and achieve good isolation performance that is com-
parable to a QZSS. A QZSS is more susceptible to
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disturbance at its equilibrium state due to fluctuations
in static loading. The dynamic model used in this study
also includes a friction element to provide a more
realistic model. Laboratory experiments performed on
a small-scale table-top model, using several actual,
scaled earthquake signals as input are presented, and
the results show reasonable agreement with theoretical
predictions. Both theoretical and experimental results
show the passive isolator investigated performs very
well in reducing transmissibility.

2 Model description

The single-degree-of-freedom (SDoF) system repre-
sentation of the mechanism is shown in Fig. 1. The
aim is to isolate the mass (m) from base motion. This
system comprises two rigid, massless arms (inclined
bars in the figure) with length /. The angle between
arms and horizontal direction is 0. One end of each
arm is supported by a horizontal spring (stiffness k)
and the other end is connected to the mass. The mass is
also supported by a vertical spring (stiffness k,) which
is parallel to a viscous damper (c¢) and a friction
element. One end of each spring is connected to the
base. The two horizontal springs remain horizontal all
the time. The arms are assumed to be able to rotate
freely in relation to the mass and the horizontal
springs.

A QZSS is generally designed to have zero
equivalent stiffness at the static equilibrium position
0 = 0. The vertical spring has positive stiffness, and
the horizontal springs add negative stiffness to the
system if they are in compression when 6 =0.
Therefore, in the equilibrium position, the arms are
horizontal, and they add the maximum negative
stiffness to the system and the equivalent stiffness of
the system becomes zero while retaining stability, but
at a critical state. It is important to note that the
stiffness of the horizontal spring cannot be larger than

friction
element

MMM

Fig. 1 SDoF model of the system with the isolator mechanism
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this value or else the system becomes unstable at
0=0.

3 Static behaviour of the mechanism

To find the static stiffness of the system, consider a
force F which is applied at point A in the vertical
direction x as shown in Fig. 2. The origin of the
vertical coordinate x is set to the unloaded state of
point A, x = 0, that is the position of the point A before
applying the static loading and it is assumed that both
horizontal and vertical springs are unstretched in this
position (Fig. 3a). The initial value for 0 is 6. For any
given force F' the internal force in the inclined bars,
horizontal springs and the vertical spring is F;, Fj;, and
F,, respectively. The vertical bearing reactions at the
bottom of the arms shown as R, do not affect the
calculations. The equation of equilibrium of point A in
the vertical direction gives

F =2F;sin0+ F,. (1)

Considering b = Icosf as the horizontal projected
length of each arm and by as the initial value of » when
0 = 0,, the force in the inclined bars is

Fy by —b
Fi=—=k,——. 2
cost " cos0 @)

From Egs. (2) and (1)

F = 2kh(b0 - b)tané) + F,. (3)

Fig.2 Diagram of the SDoF system and the isolator mechanism
for static loading
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Tx=0

F=0

sz = —Isinf,
TF = —mg
A
0;,=0
(b

Fig. 3 Diagram of the isolator mechanism for a unloaded position, b static equilibrium position

Based on Eq. (3) and rewriting b =

\/? — (Isinfy + x)°, in which x is the vertical upward

displacement of point A from the unloaded initial
state, the force—displacement equation can be written
as

F =2k, (lcos 0y — /2 — (Isin 0, +x)2>
(Isin 6y + x)
/2 — (Isin 0y + x)?

Consequently, the equivalent vertical stiffness of the
mechanism is defined by

+ kyx. 4)

dF
k, =—.
dx

By substituting Eq. (4) into Eq. (5), it follows that

(5)

costly
(1= (sino + (2))%)

The static load F in this case is due to the weight of
the mass and, at the equilibrium state, the arms are
designed to be horizontal (0, = 0) hence.

F = —mg. (7)

ke = 2k,

3/2 - + kv. (6)

The static displacement x; at the equilibrium position
is then given by.

xg = —Isinfy, (8)

where the arms will be horizontal and 6, = 0. This is
shown in Fig. 3b.

In this case, the vertical component of the force in
the bars is zero. Therefore, mg = k,Isin0y, with the
arms being horizontal in this position giving,

mg
y =T 9
Isinf, ©)
In the QZSS, the equivalent vertical stiffness is zero.
Therefore, by setting k, = 0 and substituting Eq. (9)
into Eq. (6), the stiffness of the horizontal springs for a
QZSS, kg, is given by

kno = ms
"€ 2lsin Oy (1 — cos 0o)

(10)

The ratio of horizontal spring stiffness to the
vertical one is defined as

_ka

A k-

(11)
By substituting Egs. (9) and (10) into Eq. (11), for a
QZSS
1
A= 12
2(1 — cosby)’ (12)
which only depends on 6.

For a HSLDSS, the stiffness of the vertical spring,
k,, is calculated from Eq. (9), which results in §; = 0.
The stiffness of the horizontal springs can be any value
less than kjo. The ratio of the horizontal spring
stiffness in a HSLDSS to that of the QZSS is given by

kp
_ 13
fro (13)

in which f can take any value between O (linear
system) and 1 (QZSS). If f>1, 6 =0 is unsta-
ble which needs to be avoided.

@ Springer
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-0.1 -0.02 0

Fig. 4 a Force—displacement graphs and b equivalent stiffness—displacement graphs, for system with / = 0.1m, k, = 140N/m and

0o = 30°.

Figure 4a shows the force—displacement graphs for
a linear system, a QZSS (f = 1) and a HSLDSS with
different horizontal spring stiffnesses. All the cases
have the same vertical spring stiffness of 140 N/m,
length of the arms 0.1 m and initial angle 0y = 30°. As
can be seen, the nonlinearity in the system increases
with the horizontal spring stiffness. Figure 4b shows
the equivalent stiffness of the mentioned systems. It is
evident that the equivalent stiffness of the QZSS
(f=1) is zero when x = —Isinfy and the arms are
horizontal, while, for an HSLDSS, the system retains
some stiffness when the arms are horizontal.

4 Dynamic behaviour of the mechanism

4.1 Dynamic model

When deriving the equation of motion for a SDoF
system with the isolator, it is considered that the

mechanism is designed in order to have horizontal
arms (6; = 0°) at the static equilibrium position which

Fig.5 Diagram of the SDoF system and the isolator mechanism
for dynamic loading
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is shown in Fig. 5. In this figure, z is the base
excitation and the relative displacement of the mass to
that of the base is defined as

y=x-—1z (14)

As can be seen, a friction element with maximum
force of f 4, is also considered in parallel to the vertical
spring as well as the viscous damping element, c. The
damping ratio ¢ is defined in terms of ¢ as

c
¢ 2mw,’ (15)
in which
k,
=1 16
on =12 (16)

The resonance frequency, however, is defined in this
paper to be

ke

K (17)

w, =

By substituting Eq. (6) into Eq. (16)

cosby

2oy ) g,
((I—(sinﬁo-‘r(%)) ) ) -

m

w, = (18)

As can be seen, this frequency depends on y and
hence depends on the amplitude of the base excitation.
Moreover, for the friction element, a continuous
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Coulomb friction model has been chosen in the
numerical modelling in order to avoid computational
difficulties caused by force discontinuities in the
stick—slip model. This model has been proven to be an
accurate approximation for the signum function [32],
the friction force being

f = ftanh (Vyd) (19)

in which f;, and v, are the maximum dynamic friction
force in the vertical direction and the velocity
tolerance which is a real number close to zero [32].
Figure 6 illustrates the relationship between the fric-
tion force and velocity (¥) given in Eq. (19) for various
velocity tolerances (v4). As can be seen, a small value
of velocity tolerance, v; = 0.001, gives an accurate
approximation to a step function, while for higher
values (e.g. v; = 1) it can cause the equation to be less
stiff numerically and the behaviour becomes a poorer
approximation to the step function as v, increases.

The equation of motion for both QZSS and
HSLDSS is given by

my + cy + 2k, <lcos 0o — \/12 — (Isin Oy +y)2)
Isinfy +y

\/12 — (Isin O + y)?

+ fa- tanh <l> = —mZ — mg.
Va

+k,y

(20)

1
— v, =0.001 (
0.8 1 =0.01

0.6 [

d
Va
—— Y, = 0.1
v
d

0.4

-0.6

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 6 Friction force versus velocity for various velocity
tolerances

4.2 Time harmonic excitation

The major consideration which is used to evaluate the
performance of the system under the time harmonic
excitation is transmissibility. Transmissibility is
defined as the ratio of the maximum response accel-
eration to the maximum input acceleration. Because
the system is nonlinear, the transmissibility is a
function of the amplitude of the input. In the examples
below, sinusoidal acceleration inputs with a constant
amplitude of 0.08 ¢ and various frequencies are
employed and the response of the system is calculated
by direct integration of the equation of motion
[Eq. (20)]. This equation is modelled in MATLAB
and solved numerically using an adaptive step size
Runge—Kutta scheme (ode45). As there are multiple
solutions for frequencies around resonance in some
cases, the numerical analysis was done once from low
to high frequencies (sweep up) and once from high to
low frequencies (sweep down) to capture the two
solutions.

Figure 7 indicates the transmissibility of the linear
system as well as QZSS and HSLDSS with various
stiffness ratios f5. All the cases have the same vertical
spring stiffness k, = 140 N/m, length of the arms [ =
0.1 m, initial angle 8y = 30°, mass of the payload m =
0.708 kg and static equilibrium position 6; = 0. The
friction force f,;, and the velocity tolerance v, are
considered as 0.27 N and 0.001 m/s, respectively. The
value of the friction force is that found from

Linear
45 . B=0.2
’r =04
4k is < B=06
iy . 3=08
g=1

0

10 10

Freq. (Hz)

Fig. 7 Transmissibility for systems with /=0.lm, k, =
140N/m, 0y = 30° and different values for
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experimental results as explained in Sect. 6.5. The
damping ratio, ¢, is taken to be 5%. As seen, by
increasing i from zero (linear) to 1 (QZSS), the
resonance peak and frequency decrease. By decreas-
ing the resonance frequency, the range of frequencies
with a transmissibility of less than 1 becomes wider. In
other words, the system is able to isolate a wider range
of frequencies. Therefore higher f would result in
isolation over a wider range of frequencies.

4.3 Earthquake excitations

In this study, eight historical near-fault earthquakes
are taken from the PEER ground motion database
website [1] to compare the performance of a QZSS
with a HSLDSS. Table 1 shows the year and station of
occurrence, magnitude (M), distance from the source
(Rcl) and the average shear velocity at 30 m depth
(VS30) of each signal as well as the characteristics of
the vertical component of these earthquakes including
peak ground acceleration (PGA), velocity (PGV) and
displacement (PGD). All of these earthquakes have a
magnitude greater than 6.5 on the Richter scale and are
located within 15 km from faults.

The criteria which are used for evaluating the
performance of the mechanisms for earthquake appli-
cations are based on the following factors, with lower
values indicating better performance:

(a) ratio of the maximum response acceleration to
the maximum base acceleration.

Table 1 Near-fault strong vertical ground motions [1]

(b) ratio of the root-mean-square (RMS) response/
base strong motion acceleration. The RMS criterion is
calculated for the strong motion duration of the signal
as this part includes the majority of energy which is the
main cause of damage to structures [33]. To do this,
the duration of the strong motion is calculated based
on a percentage of cumulative energy [34] given by

CE = / a*(t)dt, (21)

in which a is the acceleration time history and ¢ is time.
The part of the signal with CE between 5 and 95%
gives the strong ground motion which is used to
determine the RMS response.

(c) Maximum non-dimensional force magnification
(finag)» Which is defined as.
fonag = max (M> (22)

8

This shows the magnification of the compressive force
in the structural components (columns) from the
design force at static equilibrium. Values higher than
one, typical when the ground motion is upwards,
indicate that the components are overstressed and any
negative value would indicate the members undergo-
ing tension.

Figure 8 illustrates the ground acceleration spectra
for the mentioned earthquake signals. As seen, most of
these earthquakes are rich in frequencies larger than
1 Hz, and a successful vertical isolator should be able
to minimise their damaging effects. Comparing the

Earthquake Year Station Short name M  Recl VS30 PGA PGV PGD
(km)  (m/s) (€] (cm/s) (cm)
Imperial Valley 1979 EC Meloland Overpass FF  El Centro 6.5 0.1 186 0.24 18.9 9.6
182
Imperial Valley 1979 El Centro Array #7 El Centro 65 0.6 211 0.58 27.1 10.0
170
Loma Prieta 1989 LGPC LGPC 69 39 478 0.90 55.9 2.0
Erzincan, Turkey 1992  Erzincan EZ Turkey 6.7 44 275 0.23 16.4 10. 5
Northridge 1994  Sylmar—Converter Sta Northridge 6.7 54 251 0.61 26.1 8.3
Chi-Chi, Taiwan 1999 TCU084 Chi-chi 76 11.2 553 0.32 25.6 13.2
Bam, Iran 2003 Bam Bam 6.6 1.7 487.4 0.97 39.9 8.5
Christchurch, New 2011 Heathcote Valley Primary  Christchurch 6.2 3.4 422 2.18 40.0 233
Zealand School
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El Centro 170
El Centro 182
LGPC

Ez Turkey
Northridge
ChiChi

Bam
Christchurch

0.18

0.16

=

o

Input Acc. Spectrum(g~/Hz)

0.12 [

0.08
0.06
0.04 -

0.02

0 H . H 1 . H .
0 2 4 6 8 10 12 14 16 18 20
Freq.(Hz)

Fig. 8 Vertical ground acceleration spectra for 5% damping

spectrum of input acceleration time history with that of
the response provides an indication of the performance
of the isolator as the response without an isolator
would be the same as the input.

5 Base isolator performance subjected
to earthquakes

In this section, the effect of initial angle 0y and the
stiffness of the horizontal springs are considered when
designing an isolator for earthquake inputs. There are
three criteria considered for this comparison: maxi-
mum acceleration, RMS acceleration and force trans-
mitted to the mass. The design parameters of the
isolator considered for this purpose are m = 0.708 kg
and / = 0.1 m. The values of k, and k;,  are calculated
using Egs. (9) and (10), respectively, for different
values of 6y = 10,20,30,40,50,60,70 and 80
degrees. To consider different combinations of
HSLDSS, various horizontal spring stiffness values
are considered, including f=0,0.1,0.2,...,1. As
mentioned before, § = 0 represent a linear system,
while =1 gives the QZSS response. The other
values 0 < ff <1 represent the HSLDSS. In all cases,
the static equilibrium position is when the arms are
horizontal and 0; = 0. The damping value, c, is taken
as 10 N.s/m for all cases. The friction force f;, is taken
to be 0.27 N, which is estimated from experimental
results (explained in Sect. 6.5), and the velocity
tolerance v, is 0.001.

80 4
70 35

3
60

25
50

- 2 (Hz)

40

1.5
30

4
20 05
10 0

0O 01 02 03 04 05 06 07 08 09 1
3

Fig. 9 Frequencies for systems with / = 0.1 m, m = 0.708 kg,
fa =0.27 N, vz = 0.001 and various 8y, k, and various f§

Figure 9 indicates the resonance frequency of these
systems calculated using Eq. (18) at the static equi-
librium position in which y = —Isinfy. It is expected
that the systems with lower frequencies have higher
earthquake isolation performance than others for the
input signals considered, because the vertical compo-
nent of earthquakes in most of the cases has higher
energy at relatively higher frequencies (more than
1 Hz).

5.1 Maximum acceleration ratio

Figure 10 illustrates the maximum acceleration ratio
for various HSLDSS and QZSS subjected to eight
earthquakes as a function of 6 and f5. By increasing /3,
the nonlinearity of the system increases. As can be
seen, by increasing the initial angle 6y and f, the
maximum acceleration ratio decreases. In most cases,
the maximum acceleration ratio is less than one which
means that the mechanism reduces the peak acceler-
ation. For some combinations subjected to the Chi-Chi
earthquake, however, this ratio exceeds 1 (maximum
of 1.24).

5.2 RMS ratio of acceleration

Figure 11 shows the RMS ratio of the acceleration for
the isolator for various 6y and f. By increasing the
initial angle, the RMS ratio decreases. This trend is
also true for the horizontal spring stiffness ratio. For
the mechanism with various initial angle and horizon-
tal stiffness ratios subjected to El Centro 182, El

@ Springer



312 F. Eskandary-Malayery et al.
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Fig. 10 Maximum acceleration ratio for systems with / = 0.1 m, m = 0.708 kg.f,,, = 0.27 N, v, = 0.001 and various 0y, k, and f8 for

different earthquake inputs

Centro 170, Northridge, Bam and Christchurch inputs,
the RMS ratio is less than one and the mechanism
reduces the response of the system by 30-70 percent.
However, the RMS ratio for some combinations with
low initial angle (larger vertical spring stiffness) and
low horizontal spring stiffness ratio, the responses of
the system to LGPC and Chi-Chi reach 1.15 and 1.27,
respectively.
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5.3 Maximum non-dimensional force
magnification

The main purpose of isolating a structure or equipment
from the vertical component of earthquakes is to
decrease the force magnification from the base to the
columns and other structural members. In this section,
the maximum non-dimensional force magnification
(fmag) to a rigid mass on the isolator mechanism
(QZSS and HSLDSS) subjected to eight ground
excitations is calculated and compared.
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Fig. 11 RMS ratio of acceleration for systems with / = 0.1 m, m = 0.708 kgf;, = 0.27 N, v; = 0.001 and various 6y, k, and f§ for

different earthquake inputs

Figure 12 shows the response of HSLDSS and
QZSS to eight earthquake inputs for various f§ and 6.
As seen, by increasing the initial angle 6, and f3, the
non-dimensional force magnification decreases for all
earthquake inputs. In other words, if the vertical spring
is softer and f is closer to one, the force magnification
is lower.

6 Experimental results for a HSLDSS

In this section, experimental and numerical results for
the static and dynamic behaviour of a HSLDSS are
compared. The test model has 0.1 m long arms (/),
0.708 kg (including half of the mass of the arms) mass
(m), 30 degrees initial unloaded angle (), vertical
(k,) and horizontal (k;) spring stiffness of 140 N/m
and 280 N/m, respectively (ff = 0.5). The friction
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Fig. 12 Force magnification ratio of compressive force for systems with / = 0.1 m, m = 0.708 kg, f,;, = 0.27 N, v, = 0.001 and

various 6y, k, and f3 for different earthquake inputs

force f 4, tolerance velocity v, and damping ratio were
considered as 0.27 N, 0.001 and 5%, respectively, in
the numerical model. The friction force for the rig was
estimated using the least squared error method based
on earthquake results as described in Sect. 6.5.

6.1 Rig description
Figure 13 illustrates the rig. There are two 100-mm

long arms (A), two horizontal guides of 8 mm
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diameter circular cross section (B) and a vertical
guide 10 mm diameter circular cross section (C). The
guides keep the springs straight. The horizontal guides
are supported by two linear ball bearings (D), inlaid in
the housing in the side frames to reduce the friction
between the surfaces. The carriage (or platform E) is
made of plastic and slides on the vertical guide. (F) and
(G) are the horizontal and vertical compression
springs, respectively. The top frame (H) and arms



Experimental and numerical investigation of a vertical vibration isolator for seismic... 315

Fig. 13 The rig

are made of aluminium (to decrease the weight), while
the rest of the parts are of stainless steel.

6.2 Static tests

In order to validate and confirm the static parameters,
the static behaviour of the rig was tested using an
Instron 5900 series 100 kN machine (Fig. 14a). The
tests were done at a speed of 20 mm/min which was

found to be sufficient to get consistent readings. The
tolerance of measurements is 0.1 mm. Figure 14b
shows the experimental and analytical force—displace-
ment results for the static loading. It also includes a
third-order polynomial curve fitted to the experimental
data (hollow circles), given by the equation shown in
the figure. The analytical curve (dash line) shows good
agreement with the experiments and verifies the static
parameters used in the computer model.

6.3 Harmonic tests

A series of pure sinusoidal tests were conducted using
an APS 113 Electro-series shaker (shown in Fig. 15a)
to find the transmissibility of the time harmonic
excitation. The purpose of this set of tests is to find the
resonance frequency and verify the numerical model.
The tests were done using closed-loop acceleration
control with an amplitude of 0.08 g once from low to
high frequencies (sweep up) and another time from
high to low frequencies (sweep down). This is because
around resonance, there can be multiple solutions and
by sweeping up and down, both solutions are captured.

Figure 15b indicates the experimental transmissi-
bility results (black circles for sweep up and black

Force (N)

14r

= == +Analytical /
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Polynomial fit /)

12

10

A - i
y=32646.752 E-5* x° - 443468??[- R + 265.85 * x +0.1581
P

-

P
L

1 I 1 1 i 1 L L L

0

(a)

001 002 003 004 005 006 007 008 009 0.1

Disp (m)

(b)

Fig. 14 aTherigin the Instron 5900 series 100 kN machine. b Experimental and analytical static results for the systems with / = 0.1 m,
m = 0.708kg, 0y = 30°, k, = 140N/m, f,;, = 0.27N, vs = 0.001 and f ~ 0.5
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Fig. 15 a The rig on the APS 113 Electro-series shaker, b experimental and analytical transmissibility results for the systems with
a=0.08 g,/ =0.1m, m = 0.708kg, Oy = 30°, k, = 140N/m.f,;, = 0.27N, vs = 0.001 and f ~ 0.5

stars for sweep down) in comparison with the numer-
ical modelling results (grey stars). These results have a
good agreement. The difference between the numer-
ical and experimental curves can be due to the
assumption regarding the friction force, which is
assumed to be in the vertical direction only and taken
as a constant irrespective of the signal, and a relative
velocity value used based on all the experimental
results.

6.4 Earthquake tests

The same APS 113 Electro-series shaker was used for
the earthquake tests using close-loop acceleration
control.

Figure 16 illustrates the strong part of the response
of the rig subjected to different earthquake inputs in
comparison with the numerical results which shows a
good agreement qualitatively.

Table 2 gives the maximum acceleration for the
mass and the base and the ratio of the maximum
acceleration with respect to the base for the
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experimental results compared to the numerical cases.
In the table, the numbers before some earthquake
names (e.g. 0.5 Bam) show the scale factor used to
scale the amplitude of the acceleration time histories.
For Bam, Christchurch and LGPC earthquakes, the
scale factors are 0.5, 0.3 and 0.5, respectively. The
scale factor is 1 for the rest of earthquake inputs. As is
evident, both experimental and numerical results show
more than 50% reduction in the maximum accelera-
tion. Table 3 shows the RMS input acceleration and
the response of the system for the experiments
compared to the numerical results. The RMS is
calculated for the stronger part of the signals with
cumulative energy between 5 and 95%. In all cases,
reduction in both the maximum and RMS values is
substantial except for the Chi-Chi earthquake, which
amplifies the input excitation.

Figure 17a illustrates the input acceleration spec-
trum compared to Fig. 17b which shows the response
acceleration spectrum. As evident, the mechanism
isolates the input excitation substantially for frequen-
cies above 3 Hz. However, the frequencies less than
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Fig. 16 Experimental response acceleration time history in comparison with the numerical cases for various earthquake excitations for
the systems with / = 0.1 m, m = 0.708 kg, 6y = 30°, k, = 140N/m, f;, = 0.27N, v; = 0.001 and 8 ~ 0.5

3 Hz are magnified because of the resonance. The Chi- response of the system to this signal was magnified to
Chi earthquake is rich in low frequencies close to the twice the input acceleration. Therefore, the
natural frequency of the system and, as a result, the
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Table 2 Maximum acceleration of experimental and numerical results for the systems with / = 0.1m, m = 0.708kg, 0y = 30°,

k, = 140N/m, f,, = 0.27N, vy = 0.001 and f ~ 0.5

Earthquake name

Input signal max (g)

Response signal max (g)

Experimental ratio

Predicted ratio

0.5Bam

0.3 Christchurch
Chi-Chi

El Centro-170
El Centro-182
EZ Turkey

0.5 LGPC
Northridge

0.4841
0.8720
0.3327
0.8976
0.2412
0.248

0.4414
0.6187

0.1318
0.1404
0.7395
0.2419
0.0799
0.1138
0.1245
0.2689

0.27
0.18
222
0.27
0.33
0.46
0.28
0.43

0.32
0.15
2.63
0.35
0.44
0.48
0.33
0.48

Table 3 RMS values of experimental results and numerical results for the systems with [ = 0.1 m, m = 0.708 kg, 6, = 30°,

k, = 140N/m, f,;, = 0.27N, vy = 0.001 and 8 ~ 0.5

Earthquake name

Input signal RMS 5-95%CE

Response signal RMS 5-95%CE

Experimental ratio

Predicted ratio

0.5 Bam 0.1187 0.0366 0.31 0.31
0.3 Christchurch 0.158 0.0268 0.17 0.21
Chi-Chi 0.0873 0.1535 1.76 2.19
El Centro-170 0.1174 0.059 0.50 0.36
El Centro-182 0.0695 0.0259 0.37 0.59
EZ Turkey 0.0538 0.0324 0.60 0.81
0.5 LGPC 0.0753 0.0415 0.55 0.53
Northridge 0.1625 0.0637 0.39 0.61
0.12
El Centro 170 El Centro 170
El Centro 182 El Centro 182
o1k 0.7 x LGPC Peaks at (1.61,0.28) 0.7x LGPC
- Ez Turkey = Ez Turkey
. Northridge N Northridge
2 ChiChi = ChiChi
== 0.5 x Bam &o x Bam
o 0-08 | 0.4 x Christchurch ::: x :;‘hn.xlclmrch

0.06
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Fig. 17 a Input acceleration spectra and b response acceleration spectra for the systems with / = 0.1 m, m = 0.708 kg, 0y = 30°,

k, = 140N/m, f,, = 0.27N, v; = 0.001 and § ~ 0.5
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mechanism works well for the inputs with frequency
content above 3 Hz as we expect in near-fault
earthquakes.

6.5 Friction estimation from earthquake
excitations

In this section, the friction force estimation using the
least squared error method based on the error between
the numerical and the experimental earthquake results
is described. In this method, the numerical response
for each earthquake input was generated using various
values for the maximum friction force. Then the
square of the difference between the numerical and
experimental acceleration response time histories
gives the error. The sum of the squared errors gives
a parameter to minimise to estimate the friction force
which gives the smallest error. The squared error,
which is a function of friction force, is given as

E(far) = D (e (t) = Gun(t,far))’ (23)

in which a.,, is the experimental response acceleration
time history and a,,, is the numerical response
acceleration time history.

The estimated maximum friction force is calculated
based on three sets of experimental data for eight
earthquake inputs. For each different earthquake input
there is a different value of the maximum friction force
which minimises the squared error. These values are
shown in Table 4. The mean of these friction forces is
taken and subsequently used in the numerical model. It
should also be noted that friction in the horizontal
direction and in the hinges is neglected.

Figure 18 illustrates the squared error as a function
of f,, for various earthquake inputs. As can be seen,
the friction force which makes this squared error

3000
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Fig. 18 Squared error vs. friction force for various earthquake
inputs set 1 for the systems with/ =0.1m, m = 0.708kg,
0o = 30°,k, = 140N/m, v; = 0.001 and f$ ~ 0.5

minimum is different for each earthquake input. The
mean value for these friction forces is 0.27 N, which
gives good agreement between experimental and
numerical results for both harmonic and earthquake
tests.

Itis recognised that the actual friction force may not
be in the form assumed in Eq. (19) and may vary
between different tests, since it depends on the
bearing/contact force which is likely to vary. How-
ever, the results show that using an average value
based on several tests gives response results which are
in close agreement with measured values.

7 Conclusion
In this paper, the static and dynamic behaviour of a

High-Static-Low-Dynamic Stiffness System
(HSLDSS) isolator under sinusoidal and scaled actual

Table 4 Friction force for

Earthquake name
each earthquake measured

Friction force-set 1

Friction force-set 2 Friction force-set 3

for the systems with El Centro-170 011
i)(]::O;OT: ]:7: : (1)470051;(5{, El Centro-182 0.36
vg =0.001 and f =~ 0.5 0.5 LGPC 0.26
EZ Turkey 0.18
Northridge 0.25
Chi-Chi 0.29
0.5 Bam 0.18
0.3 Christchurch 0.16

0.07 0.11
0.38 0.31
0.22 0.36
0.19 0.22
0.38 0.32
0.73 0.82
0.15 0.13
0.15 0.14
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vertical earthquake excitations based on numerical
and experimental results was presented.

Numerical results showed that both the HSLDSS
and the quasi-zero-stiffness system (QZSS) can
significantly reduce transmission of acceleration and
magnification of force, with seven of the eight
earthquake inputs showing good performance. One
exception was the Chi-Chi earthquake signal, which
caused some amplification. This observation was also
confirmed experimentally, where reduction in trans-
missibility was consistent for all signals except for the
Chi-Chi earthquake. In all other cases, experimental
results showed that the HSLDSS with  ~ 0.5 main-
tains good isolation performance and reduces the
maximum and the RMS value of the acceleration by at
least 50% and 60%, respectively, in most of the cases,
compared to 40% for the theoretical results. The Chi-
Chi signal had a significantly higher lower-frequency
content. However, it is also worth noting that low-
frequency excitations tend to have lower amplitudes of
acceleration and, for the signals that had relatively
higher frequencies, both systems performed well.
Numerical results showed that it is possible to isolate
the Chi-Chi earthquake by changing the design
parameters, increasing the initial angle and selecting
different values for the spring stiffnesses.

The effect of friction in the vertical direction was
considered in the theoretical model. The friction force
was estimated using a least square error method,
taking the difference between the experimental and
theoretical results as the objective function, based on
all the test results. This value was used in comparing
the theoretical and experimental results. It is likely that
in reality the actual friction force may depend on
signal amplitude and characteristics and may not be of
the form assumed in Eq. (19), but the general agree-
ment between the theory and experiment shows that
the approach used is reasonable.

Since the special case of an HSLDSS, namely a
QZSS, which has zero net vertical stiffness at the
equilibrium position, the system may become unsta-
ble at 6§ = 0 if the nonlinearity is more than what the
system was designed for (because of any mistuning in
construction or change in the payload). To avoid this,
when using a QZSS, a lock-release-type mechanism or
a semi-active control system could be used, to ensure
sufficient stiffness is maintained at the equilibrium
state when there is no seismic activity. However, the
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HSLDSS with small net vertical stiffness at the
equilibrium position has a satisfactory performance.

The experimental results validate the concept on a
small-scale model. Since the resonance frequency of
the rig at the static equilibrium position is close to that
of a building on the mechanism, the time scaling for
the earthquake inputs was not required. However, the
amplitude of three of the earthquake acceleration
inputs was scaled because of the capacity of the testing
equipment.

This study presented proof-of-concept results using
a small-scale model. There are a number of issues that
would need to be addressed prior to application to a
full-scale structure. For practical implementations,
multiple isolators would normally be needed and
therefore differential movements in structures, rota-
tions and the interaction between horizontal and
vertical displacements would need to be considered.
In addition, the effect of isolators in more than one
direction also needs to be taken into account. Scaling
issues would include the mass to be isolated together
with the maximum vertical displacement that the
design should accommodate: this would affect the
length of the arms. There might also be a need to
accommodate mistune. Further experimental work to
verify the potential use of this concept for practical
implementation will need to address the above.
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