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Abstract. Among anti-seismic technologies, base isolation is a very effective means of mitigating damage to structural and non-
structural components, such as equipment. However, most seismic isolation systems are designed for mitigating only horizontal
seismic responses because the realization of a vertical isolation system (VIS) is difficult. The difficulty is primarily due to
conflicting isolation stiffness demands in the static and dynamic states for a VIS, which requires sufficient rigidity to support the
self-weight of the isolated object in the static state, but sufficient flexibility to lengthen the isolation period and uncouple the ground
motion in the dynamic state. To overcome this problem, a semi-active VIS, called the piezoelectric inertia-type vertical isolation
system (PIVIS), is proposed in this study. PIVIS is composed of a piezoelectric friction damper (PFD) and a leverage mechanism
with a counterweight. The counterweight provides an uplifting force in the static state and an extra inertial force in the dynamic
state; therefore, the effective vertical stiffness of PIVIS is higher in the static state and lower in the dynamic state. The PFD provides
a controllable friction force for PIVIS to further prevent its excessive displacement. For experimental verification, a shaking table
test was conducted on a prototype PIVIS controlled by a simple controller. The experimental results well agree with the theoretical
results. To further investigate the isolation performance of PIVIS, the seismic responses of PIVIS were simulated numerically by
considering 14 vertical ground motions with different characteristics. The responses of PIVIS were compared with those of a
traditional VIS and a passive system (PIVIS without control). The numerical results demonstrate that compared with the traditional
and passive systems, PIVIS can effectively suppress isolation displacement in all kinds of earthquake with various peak ground
accelerations and frequency content while maintaining its isolation efficiency. The proposed system is particularly effective for near-

fault earthquakes with long-period components, for which it prevents resonant-like motion.
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1. Introduction

For critical facilities, such as medical institutions, power
plants, and industrial facilities, the seismic performance of
non-structural components, such as equipment and
pipelines, is as important as that of the structure itself, since
for maintaining the functionality of these facilities, the non-
structural components have to be undamaged after the
earthquake. Studies have shown that vertical ground
motions, which wusually exhibit more high-frequency
components than those of horizontal ground motions, are
more likely to cause severe damage to non-structural
components (Papazoglou and Elnashai 1996, Badalouka
and Papadopoulos 2008, FEMA 2011), such as equipment
(Memari et al. 2004, Furukawa et al. 2013), because most
non-structural components are high-frequency components.
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Furthermore, the vertical component of earthquakes may
cause a large amount of slippage or overturning of
equipment, which are the primary failure modes for
freestanding equipment (Taniguchi and Miwa 2004,
Konstantinidis and Makris 2009). Equipment damage due to
slippage or overturning may be worsened by floor
acceleration amplified by the dynamic effect of the
underlying primary structure (Franke et al. 2005,
Sankaranarayanan and Medina 2007). Although anchoring
equipment to the floor may avoid slippage or overturning
under seismic excitation, it may lead to large equipment
acceleration and high-frequency responses, particularly
when the dynamic amplification effect of the underlying
structure is considered (Konstantinidis and Makris 2005).

Seismic isolation may be an effective means of
protecting equipment. Seismic isolation reduces the seismic
load on the isolated object by introducing a soft isolation
layer that lengthens the vibration period of the isolated
object and thus reduces its response. Nevertheless, most
existing seismic isolation systems are designed for
horizontal isolation. Studies and applications of vertical
isolation systems (VISs) are relatively few due to the
conflicting demands of vertical stiffness for such systems. A
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VIS must have sufficient vertical rigidity to support the
self-weight of the isolated object, but must also have
sufficient vertical flexibility to lengthen the vibration period
under vertical seismic excitation.

Several studies have developed VISs. Kitamura et al.
(2005) proposed a VIS composed of large coned-disk
springs that provide high stiffness at small deformation and
low stiffness at large deformation; therefore, sufficient
stiffness in the static state and sufficient flexibility in the
dynamic state can be achieved. Fujita (1996) proposed a
three-dimensional (3D) seismic isolation system that
consisted of rubber bearings for the horizontal direction and
coned-disc springs for the wvertical direction. The
experimental results showed that the isolation system is
effective in reducing both vertical and horizontal
acceleration responses. However, in the above studies, the
isolation displacement provided by nonlinear coned-disc
springs is usually quite limited. Shimada et al. (2004)
proposed a 3D isolation system for nuclear reactor
buildings. For the vertical direction of this system, the
weight of the isolated structure is supported by a load-
carrying hydraulic cylinder connected to a gas accumulator
via a rocking-suppression cylinder. Vertical isolation thus
functions on the principle of an air cushion, and meanwhile
horizontal isolation is provided by laminated rubber
bearings. Xu et al. (2011) proposed a multi-dimensional
isolation device that can vertically isolate long-span
reticulated structures. The device consists of vertical
viscoelastic dampers and a viscoelastic core bearing that has
higher energy dissipation ability than that of a traditional
rubber bearing. The device allows 8 mm of movement
perpendicular to the vertical dampers. Wang et al. (2015)
applied laminated rubber bearings with thick rubber layers
to reduce the vertical frequency of the isolated object.
Because the allowable vertical deformation of the rubber
bearings is relatively small, the vertical isolator stroke may
be limited. Tsuji et al. (2014) proposed a nonlinear VIS
with a post-buckled beam. The isolator is sufficiently stiff
statically to support the self-weight of the isolated object
and is soft dynamically to provide a low natural frequency.
The isolation performance of the system was investigated
using a finite element model with harmonic excitations. For
the seismic protection of equipment, Lu et al. (2016)
proposed a VIS with a leverage mechanism and a
counterweight to reduce the initial settlement due to the
self-weight of isolated object.

Araki et al. (2011) developed a vertical-horizontal base
isolation system, in which the vertical isolator is made of
vertical constant-force springs and a link mechanism to
prevent rocking motion. Constant-force springs are
employed to reduce the settlement caused by the static self-
weight of the isolated object. Araki et al. (2013) later
proposed a vertical quasi-zero stiffness (QZS) isolation
system that consists of constant-force springs and a pair of
hexagonal plates by which the force of the horizontally
placed springs can be converted into the vertical restoring
force of the isolator. With the high initial stiffness in QZS,
excessive static deformation of the isolator is avoided. If the
weight of the isolated object changes, the vertical restoring
force can be adjusted using cranks and a screw jack. Asai et

al. (2017) also proposed a QZS isolation system that
consists of horizontally placed constant-force springs and a
variable ellipse curve mechanism, which can convert the
horizontal spring force to the vertical restoring force of the
vibration isolator. In addition, the vertical restoring force
can be adjusted by changing the ratio of the semi-minor axis
to the semi-major one of the ellipse. Zhou et al. (2016)
examined several vertical and 3D isolation systems and
their potential application to modern nuclear facilities. They
found that compared with general horizontal isolators, a
vertical isolator with a vertical frequency of less than 3 Hz
can more effectively reduce the wvertical in-structure
responses for the studied nuclear facilities. If the vertical
frequency of isolators is reduced to 1 Hz, the rocking effect
is obvious and rocking restraining devices are necessary.

Moreover, the development of vertical isolation
technology also faces a challenge for near-fault ground
motions. Recent studies have revealed that near-fault
ground motions, which usually contain a strong long-period
pulse waveform, may induce a resonance-like response in a
long-period horizontal isolation system (Lu et al. 2013a).
This resonance-like response causes excessive isolator
displacement for a horizontal isolation system far beyond
the design level, and thus increases the failure risk of the
isolation system itself (Jangid and Kelly 2001). A VIS may
face a similar problem because vertical near-fault ground
motions may have characteristics similar to those of
horizontal near-fault earthquakes (Li et al. 2007). To
overcome this near-fault problem for isolation systems,
many improved isolation strategies have been proposed for
horizontal isolation systems, including the addition of
supplemental damping to mitigate the possible resonant
response (Makris and Chang 2000, Lu et al. 2013a); the use
of a passive variable isolation system, such as variable-
stiffness sliding isolators, to avoid resonant behavior
(Murnal and Sinha 2004, Soni et al, 2011, Lu et al. 2011a,
2013b); the use of an active isolation system that can
provide an active control force in the isolation layer, so that
the isolation performance can be ensured even for near-fault
earthquakes (Riley et al. 1998, Chang et al. 2014); the use
of a semi-active isolation system, which is usually formed
by incorporating a semi-active device, such as variable
damping or variable stiffness device, into the isolation
system (Narasimhan and Nagarajaiah 2005, Narasimhan et
al. 2006, Lu et al. 2011b, 2012, Lin et al. 2015, 2018).
Compared with an active system, a semi-active isolation
system can also be adaptive to external excitations with less
control energy and greater control stability. Although the
above isolation strategies have been proven to be effective
for mitigating near-fault isolation responses, they have not
been applied to a VIS.

In order to further improve the performance of vertical
isolation systems under near-fault earthquakes, the current
study is a continuous work of the article by Lu et al. (2016),
in which a passive inertial-type VIS was investigated, while
in the current study, a semi-active VIS using piezoelectric
material was proposed and studied experimentally for the
seismic protection of equipment. The proposed semi-active
VIS, which is called the piezoelectric inertia-type vertical
isolation system (PIVIS) is composed of a piezoelectric
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friction damper (PFD), a leverage mechanism, and a
counterweight. The counterweight and leverage mechanism
provide an uplifting force in the static state and an extra
inertial force in the dynamic state; therefore, the effective
vertical stiffness of the system is higher in the static state
and lower in the dynamic state. The PFD provides a
controllable friction damping force to mitigate excessive
isolator displacement of PIVIS, which may be induced by
long-period ground motions, such as near-fault earthquakes.
A piezoelectric material is used as the control device
because it is lightweight, responsive, low-cost, and easy to
implement. Piezoelectric materials are widely applied in the
active/semi-active control of structural vibrations and smart
structural systems (Song et al. 2006, Lu et al. 201lc,
Ramadan ef al. 2014, Chu et al. 2018).

The rest of this paper is organized as follows. The
configuration and mathematical model of PIVIS are
introduced in Section 2, and the equation of motion is
derived in Section 3. The numerical analysis method and
the control law for PIVIS are discussed in Sections 4 and 5,
receptively. Experimental verification using a shaking table
test conducted on a prototype PIVIS is described in Section
6. Using the developed numerical method, Section 7
investigates the isolation performance of PIVIS by
comparing it with those of a traditional VIS and a passive
PIVIS. Finally, conclusions are presented in Section 8.

2. Piezoelectric inertia-type vertical isolation
system

2.1 Configuration and mathematical model of PIVIS

The configuration of PIVIS is described in this section.
To highlight the characteristics of PIVIS, Fig. 1 shows the
mathematical model of a traditional VIS, which is usually
composed of a stiffness element with spring constant %, a
viscous damping element with damping coefficient ¢, a
friction element with friction force w;, and isolated
equipment of mass M. The stiffness element provides a
vertical restoring force and a soft layer to mitigate the
upward transmission of vertical ground acceleration to the
isolated equipment. In practice, the stiffness element must
be sufficiently soft in the dynamic state but sufficiently stiff
in the static state to avoid excessive vertical settlement due
to the self-weight of the isolated equipment. The friction
element is used to simulate the inherent friction of the guide
rails. The damping and friction elements in Fig. 1 provide
the required energy dissipation ability to reduce isolation
displacement under earthquakes.

Fig. 2 shows the mathematical model of PIVIS. PIVIS is
composed of a counterweight of mass m, a leverage
mechanism of length (L, + Ly), and a PFD with friction
force ug, in addition to the components shown in Fig. 1. The
clamping force N(¢) of the PFD is controllable. In static
state, the counterweight and leverage mechanism create an
uplifting force, which prevents excessive initial settlement
due to the self-weight of the equipment. When PIVIS is
excited by a ground motion, the inertial force exerted by the
motion of the counterweight and transmitted through the
leverage mechanism lengthens the isolation period of
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Fig. 1 Mathematical model of a traditional vertical
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Fig. 2 Mathematical model of PIVIS

PIVIS. Furthermore, using an embedded piezoelectric
actuator, the PFD provides a controllable friction force in
real time, allowing the vibration energy of PIVIS to be
more efficiently dissipated and the dynamic isolator
displacement to be further reduced without affecting
isolation efficiency. In summary, PIVIS can prevent
excessive isolation displacement in both static and dynamic
states and provide an adaptive damping force through the
PFD under extreme earthquake events.

2.2 Prototype of PIVIS

Fig. 3 shows the prototype of PIVIS used in the test. The
prototype mainly consists of a leverage platform system, a
suspended isolation spring, and a PFD. These components
are described below:

(1) Leverage platform system: As shown in Fig. 3, this
system includes a leverage mechanism that has a
vertical guide rod and a platform at each of its two
ends. The leverage mechanism contains a rigid
lever arm and a pivot hinge fixed to a supporting
base that is mounted on the ground or a building
floor. The platforms at the two ends of the lever
arm are used for the installation of equipment and
the counterweight, respectively. The vertical guide
rods restrict the motion of the equipment and the
counterweight in the vertical direction. The rigid
lever arm transmits the inertial force of the
counterweight to the isolated equipment, providing
a passive reactive force to suppress equipment
motion.
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(2) Suspended isolation spring: The isolation spring
suspended from the top of the frame is connected to
the equipment platform to support the equipment
self-weight in the static state and to provide a
restoring force during an earthquake.

(3) Piezoelectric friction damper: As shown in Fig. 4,
the PFD is composed of a piezoelectric actuator, a
pair of brass pads (clip), a pre-load screw, and a
load cell. The pair of brass clips together with the
guide rod provide a stable friction damping force.
The piezoelectric actuator, which is driven by a
voltage amplifier, creates a controllable clip force
on the friction pads and the pre-load screw
provides an initial clip force. The load cell is
employed to measure the total clip force of the
PFD.

3. Theory of PIVIS
3.1 Derivation of dynamic equation

To analyze seismic behavior and assess the isolation
performance of PIVIS, the equation of motion of PIVIS is
derived in this section. In Fig. 2, if we consider the free
body diagrams of the counterweight m and equipment M,
respectively, the dynamic equilibrium equation for these
two mass blocks can be written as

DB = fu® = mg =mG,@©) + @) (D)

DE=f®—cm® -~k @ -w®
() = Mg = M (54(0) + 2 ()

where f,, and f), represent the reaction forces applied to
the counterweight and equipment through the lever arm,
respectively; Z, is the vertical ground acceleration; z,,
and 2z, denote the vertical displacements of the
counterweight and equipment with respect to the ground,
respectively; g is gravitational acceleration; & is the stiffness
of the isolation spring; u; denotes the inherent friction
force due to the sliding of guide rails and rotation of the
pivot; and u, represents the friction force provided by the
PFD. Of note, the sign convention for quantities f,,, fu,
Zm, and z), is defined as positive upward.

Furthermore, considering the free body diagram of the
lever arm alone, as shown in Fig. 5, and ignoring the mass
of the lever arm, from the moment-balance condition we
have

fu(®) = Ry fin (1) 3
where R; isthe moment-arm ratio, defined as
L
R, =— 4
L= @

Additionally, from the geometric configuration in Fig. 5,
we have

Zm(t) = =Ry zy (1) ®)

Finally, substituting Egs. (1), (2), and (5) into Eq. (3)
yields the following overall dynamic equation for the entire
PIVIS

(1+ RROM 2y (8) + 2y () + kzy (D + (1 =M
=—(1—-R)MZ,(t) — w;(t) —uq(t)

where

mL,,

R=—2
ML,

O]

In the above equations, R denotes the ratio of the static
moments acting on the two sides of the lever arm. Of note,
Eq. (6) is a single-degree-of-freedom equation. If the
counterweight and PFD are removed, i.e., R =0 (or m = 0)
and uy; = 0, Eq. (6) reduces to the dynamic equation of the
traditional VIS shown in Fig. 1. Equation (6) states that the
dynamic equation of PIVIS can be attenuated by changing
parameters R and R;.

3.2 Static property of PIVIS

Because a seismic isolation system is at rest most of the
time, understanding the static behavior of PIVIS is
important. To this end, substituting Zy =zy =2, =0
into Eq. (6) and ignoring the friction effect, i.e., u; = uy =
0, for the time being, Eq. (6) is reduced to the following
static equilibrium equation for PIVIS

Zmo = k (®)
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where zy, represents the initial settlement of PIVIS in the

static state, and kg denotes the equivalent static stiffness,
defined as

ok
T (-R)

>k (for 0<R<1) C)

Egs. (8) and (9) indicate that when the value of R
increases from 0 to 1, the equivalent static stiffness kg
increases and the static settlement z,, decreases.
Therefore, a higher equivalent static stiffness and a smaller
initial settlement can be achieved by adjusting R to reduce
the total stroke demand on the isolation spring. Because R =
0 represents a traditional VIS, PIVIS always has a lower
Zy,o demand than that of a traditional VIS.

3.3 Dynamic property of PIVIS

To investigate the dynamic characteristics of PIVIS
more clearly, let us remove the static settlement (neutral
position) zy, from the system response by rewriting the
response Zy(t) as

zZy(t) = Azy (t) + zyp (10)

where Az (t) denotes the dynamic displacement of PIVIS
around the neutral position z . Substituting Eqgs. (10), (8),
and (9) into Eq. (6), and after the substitution replacing
Azy (t) by zp(t) to simplify the notation, Eq. (6) can be
rewritten as the following dimensionless equation

Zy () + 2002y, (t) + @22y, (t)

. 1 (11)
= —aZy(t) — A+ RROM (i (t) + ug (1))
where

) k 1) p k k
w= |—= ) = y W= [T,

M 1+ RR; (1+RRy,) M (12)

_1-R - 4 o

C=TTRR, °° T+RR, ¢ =M

In Eq. (11), zy(t) is the dynamic displacement of
PIVIS after the static settlement is removed; a represents
the influence factor of the ground excitation; k is the
equivalent dynamic stiffness of PIVIS; @ and { are the
equivalent isolation frequency and equivalent damping ratio
of PIVIS, respectively; and w and { are the original
isolation frequency and damping ratio without the
counterweight, respectively. Of note, w and ( also
represent the frequency and damping of a counterpart

traditional VIS.

From Eq. (12), the equivalent dynamic stiffness k is
affected by parameters R and R;, and from Egs. (4) and (7),
the values of R; and R cannot be negative (i.e.,R; = 0 and
R = 0); therefore, we have

k<k (13)

The above equation states that the dynamic stiffness & of
PIVIS is always less than or equal to the original stiffness &
due to the existence of the counterweight. In other words, in
the dynamic state, PIVIS is a softer system that has a longer
isolation period than that of its traditional counterpart. A
longer isolation period usually leads to better isolation
performance. In summary, Egs. (9) and (13) together state
that by selecting suitable parameters R and R;, PIVIS
achieves higher equivalent stiffness in the static state to
reduce the initial settlement and lower equivalent stiffness
in the dynamic state to retain better isolation efficiency.

Moreover, in Eq. (11), the ground acceleration is
multiplied by the factor a, which can be treated as an
influence factor of seismic force. Because R is usually taken
to be 0 < R < 1, from the definition of a in Eq. (12), we
have

a<l1 (for 0S<R<1) (14)

Eq. (14) indicates that the ground excitation is reduced
by the factor a, which is a function of parameters R and R; .

Based on the above discussion, it can be concluded that
R and R; are the two important design parameters of PIVIS
because both the static and dynamic properties of the
system relies on them. From Eq. (11), the dynamic response
of PIVIS can also be attenuated by the controllable friction
force u,, which is a semi-active control force provided by
the PFD. The magnitude of u,; is determined in real time
by a control law. The control law employed in the
experiment is described in a later section.

4. Numerical analysis method
4.1 Discrete-time state-space equation

The dynamic equation of PIVIS shown in Eq. (11) is
actually nonlinear due to the existence of the friction force
u; (t) + uy(t). A numerical simulation method that can deal
with this nonlinearity is described in this section. First, the
second-order dynamic equation Eq. (11) is rewritten in a
first-order state-space form

2(t) = Az(t) + Bu(t) + EZ,(t) (15)

where z(t) is the state vector; A denotes the system
matrix; and B and E represent the influence vectors
associated with friction force and seismic excitation,
respectively. These matrices are

=[] a-[He 7]
g m . [_Oa] (16)
0
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and u(t) denotes the total friction force, i.e.

u(t) = uy(t) + uq(t) a7)

Eq. (15) is the state-space equation of PIVIS, which is a
semi-active system. However, if the semi-active damping
force is set to zero, i.e., uyz(t) = 0, Eq. (15) represents a
passive PIVIS. If both u,;(t) and R are set to zero, i.e.,
ug(t) =R =0, Eq. (15) reduces to a traditional VIS.
Moreover, for convenience of numerical simulation, the
discrete-time solution for Eq. (15) is given in the following
incremental form

z[k + 1] = Ayz[k] + Bqulk] + E;Z4[k] (18)

where - [k] denotes that the associated quantity is
evaluated at the k-th time step, and symbols A,;, B, and
E; represent the discrete-time matrices associated with
matrices A, B, and E, respectively, i.e.

Ad = eAAt, Bd = A_l(Ad - I)B, (19)
Ed = A_l(Ad - I)E

4.2 Computation of friction force ufk]

In Eq. (18), the state vector at the next time step z[k +
1] is determined by the state z[k], friction force u[k],
and ground acceleration Zy[k] at the previous step.
However, friction force u[k] is an unknown at the
beginning of the computation of the (k+1)-step. In this
section, the numerical approach used to determine u[k] at
each time step is described.

From the mathematical model shown in Fig. 2, it is
known that due to the existence of friction forces, and thus
the motion of PIVIS includes a sliding state and a sticking
(non-sliding) state. According to Coulomb’s friction law,
PIVIS will remain in its sticking state if at any time instant
the total friction force u[k] is less than the maximum
sticking force of the friction interface; otherwise, PIVIS
will enter its sliding state and the friction force will be equal
to the sliding force. Because the PIVIS friction force u[k]
includes u4[k] (PFD friction force) and u;[k] (inherent
friction) (see Eq. (17)), the magnitude of the total friction
ul[k] should be less than its maximum value U, [k]
(sliding force)

|u[k]| < Umax [k] = ui,max + ud,max [k] (20)

where U; mqy and Ug g, represent the maximum values
of the inherent friction u; and the PFD friction u,,
respectively. U; 4, 1S a constant, whereas Ugmq, 1S a
time-varying quantity that can be controlled by the
piezoelectric actuator embedded in the PFD. The magnitude
of Uy max, Which is also called the slip force of the PFD, is
determined by a given control law, which is discussed in the
next section.

In Eq. (18), to determine the total friction force u[k] of
PIVIS at each time step, the shear force balance method (Lu
et al. 2006), which is a very efficient numerical method for
dealing with a dynamic system with friction elements, is
employed. In this method, it is assumed that from the 4-th to

(k+1)-th time step PIVIS is in its sticking state, and thus the
sliding velocity of the isolated equipment relative to the
ground must be equal to zero, i.e.

iulk +1] =Dy z[k+1] =0 1)

where D; =[1 0]. By substituting Eq. (18) into Eq. (21),
the friction force #[k] under the assumption of the sticking
state can be solved as

ii[k] = —(D1By) "D (Aqz[k] + EqZy[k]) (22)

According to Coulomb’s friction law, the magnitude of
the friction force on a friction interface cannot exceed its
maximum sticking force (sliding force); therefore, if
|i[k]| < Umax»> T@[k] is the actual friction force and PIVIS
is in its sticking state. In contrast, if |%i[k]| > Upmax, PIVIS
should be in its sliding state and the actual friction force
should be equal to u,4,. The above two statements can be
combined into the following single equation (Lu et al.
2006)

ulk] = min(|a [k]], umax[k)sgn (@ [k]) (23)

where U, is defined in Eq. (20); function min (a, b)
means taking the minimum value among a and b; and
sgn(ii[k]) means taking the sign of #i[k]. Of note, using
Egs. (22) and (23), u[k] can be computed based on only
z[k] and Z,[k]. Finally, substituting the total friction u[k]
from Eq. (23) into Eq. (18) yields the PIVIS response
z[k + 1] at the next time step.

5. Control of piezoelectric friction damper
5.1 Control of PFD slip force

In dynamic Eq. (6) or Eq. (11), the PFD friction force
uy(t) influenced by the embedded piezoelectric actuator
can be written as

|ud(t)| < ud,max(t) = ,leN(t) (24)

where Uy qy is the slip force (maximum friction) of the
PFD, pg4 is the friction coefficient of the PFD, and N(t)
is the controllable clamping force (normal force) generated
by the embedded piezoelectric actuator. Equation (24)
indicates that even though the PFD force u,(t) cannot be
controlled directly, its slip force (maximum force) is a
controllable quantity that can be controlled through
adjustment of the clamping force N(t).

To generate the controllable clamping force N(t), the
piezoelectric actuator has to be driven by a DC voltage
supply. Fig. 6 shows a typical relationship between the
normal force and the driving voltage of the PFD obtained in
the experiment. As shown, the relationship can be
approximated by the following linear equation (Lu et al.
2011c¢)

N(@) =Ny +C,V(t) (25)

where N, is the initial compression force produced by the
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pre-load screw (see Fig. 4), V(t) is the driving voltage of
the piezoelectric actuator, and C, is the piezoelectric
coefficient (actuating force per voltage (N/V)) of the
piezoelectric actuator. The value of C,, which strongly
depends on the boundary condition of the piezoelectric
actuator, is usually obtained experimentally. In Fig. 6, the
values of Ny = 23 Nand C, = 0.074 N/V can be obtained
from the test data using a regression method.

5.2 Non-sticking friction (NSF) control law

The determination of the control voltage V(7) in Eq. (25)
requires a control law. In this study, a control law called
non-sticking friction (NSF) control is employed to
determine the normal force of the PFD in the experiment.
This control law, which requires only one sensor
measurement and simple computation, is very -easily
implemented. The NSF controller is very efficient because
it is trying to maintain the friction interface of the PFD in its
sliding state (i.e., it prevents the interface from entering the
sticking state) (Yang et al. 1987). As a result, the kinetic
energy of PIVIS due to seismic excitation can be dissipated
by the PFD throughout the duration of the ground motion.
To achieve the goal of the NSF control law, Lu ef al.
(2011b) suggested the following formula for the driving
voltage V() of the piezoelectric actuator

V(t) = Vinaxtanh(Blzy (0)1) (26)

where V,,,, denotes the voltage upper bound and S is a
control sharpness parameter related to the sliding velocity
[Zy (®)]. Eq. (26) is the NSF voltage control law used in this
study. Parameter f defines how sharply V(#) varies with
|Zy (t)]. Fig. 7 shows the normalized voltage V (t)/Vinax
as a function of the velocity |z, (t)| for four values of f
(2, 5, 20, and 50). When a higher f is adopted, the control
voltage increases more rapidly from 0.0 to 1.0 as the
velocity increases. The figure shows that the control voltage
approaches zero whenever the PFD approaches its sticking
state, i.e.,|Zy(t)] =0 (the sliding velocity approaches
zero). According to Eq. (26), the realization of the NSF
controller requires only the feedback of the sliding velocity
|Zy ()]. Moreover, substituting Eq. (26) into Eq. (25) yields
the controllable clamping force of the PFD

1c

o
)

o
)

N
IS

V /Vmax (volt)

o
N

1 0.5
Velocity (m/s)
Fig. 7 Relationship between control voltage and sliding
velocity for NSF controller

N(t) = Ny + C,Vppaxtanh(B|zy (D)) (27)

The above equation indicates that the clamping force
N(t) varies between N, and (Ny+ Npa), where
Npax = C.Vmax- Eq. (27) also states that the PFD will
provide variable clamping force N(t) when the PFD is in
its sliding state (|Zy(t)| # 0), whereas the PFD will only
apply the minimum clamping force N, in its sticking state
(|1Zy (t)| = 0). This gives the PFD a higher chance to return
to its sliding state and dissipate energy.

5.3 Parametric study for NSF control parameters

Given the pre-determined N, and C,, Eq. (27)
indicates that the NSF control law has two control
parameters, namely the maximum driving voltage V.,
and velocity sharpness factor . The values of these two
parameters affect the control performance of PIVIS;
therefore, a parametric study was conducted to find the
optimal values of these parameters for the experiment. The
parametric study was carried out using the numerical
method described in Section 4. In this subsection, the
system parameters of PIVIS and the input ground motions
used in the numerical study are introduced and the results of
the parametric study are discussed.

5.3.1 System parameters of PIVIS and PFD

The third column of Table 1 lists the system parameters
of PIVIS used in the parametric study. These parameters,
except for the NSF parameters V,,,.and S, were all
identified from a pilot test conducted on the prototype
PIVIS to be tested. As shown in Table 1, the ratio of
moment R and the ratio of moment arm R, of the
prototype were taken to be 0.264 and 0.786, respectively.
These values result in an effective frequency of @ = 0.66
Hz, which is lower than the frequency of the traditional
counterpart (w = 0.726 Hz). Of note, because the PFD
already provides additional damping u,4, the supplementary
viscous damping ¢ shown in Fig. 2 was not installed in the
prototype system, and thus we have ¢ = 0. Furthermore, to
find the values of N, and C, experimentally, Fig. 6 plots
the normal force N(t) as a function of V(t) of the PFD
obtained in the pilot test. As shown in Fig. 6, N(t) and
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Fig. 8 Ground motions for shaking table test (PGA scaled to 1.0 g)

V(t) have a linear relationship that can be identified using
a linear regression method. The slope of the regression line
represents the piezoelectric coefficient C, = 0.07 N/V, and

the intersection

of the line with the y-axis is equal to the

pre-compression force Ny = 23 N.

Maximum Displacement (m)

5.3.2 Input ground motions for parametric study

As mentioned previously, one of the advantages of using
PIVIS is to mitigate the resonance-like response incurred in
a near-fault earthquake with long-period components. Two
vertical ground motions with near-fault characteristics were
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thus chosen for the parametric study, namely the Kobe
earthquake (JMA Station 1995) and the Loma Prieta
earthquake (Oakland Station, USA, 1989). Figs. 8(a) and
(b) show the time histories of the vertical components of the
Kobe and Loma Prieta earthquakes, respectively. In the
figures, the vertical peak ground acceleration (PGA) of both
records is normalized to 1.0 g.

5.3.3 Results of parametric study

To find the best values of the control parameters  and
Vinax> the contour plots in Figs. 9 and 10 show the peak
responses of PIVIS for various combinations of S and
Vinax under the vertical components of the Kobe and Loma
Prieta earthquakes, respectively. The PGA of both ground
motions is scaled to 0.3 g. The subplots (a) and (b) in each
figure show the peak isolation displacement and peak
acceleration of the isolated equipment, respectively. From
Figs. 9 and 10, the following observations can be made. (1)
As shown in Figs. 9(a) and 10(a), the isolation displacement
of PIVIS decreases when f or V,,, increases. When f3

® Accelerometer
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O Velocity sensor

ﬁ LvDT

Rigid frame

Vertical gui B
ertical guide rod Load cell {in the PFD)

Counterweight ol Il teth ||~ Equipment platform
platform [|T
i M
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e ] 1

Fig. 11 Sensor placements of shaking table test

is larger than 20, the isolation displacement becomes
insensitive to the change in £ . (2) The equipment
acceleration increases when a smaller V., is applied. This
is due to insufficient controllable force u,; provided by the
PFD. However, the equipment acceleration also increases
when a larger V., is applied. (3) In Fig. 9(b), the lowest
equipment acceleration can be obtained when f is between
10 and 35 and V., is between 200 and 500 V. Moreover,
in Fig. 10(b), the lowest equipment acceleration can be
obtained when B is between 20 and 35 and V., is
between 100 and 500 V. (4) Considering the control
effectiveness of both isolation displacement and equipment
acceleration, § = 20 and V,,,, = 500V were chosen as
the parameters for the NSF controller for the shaking table
test.

6. Experimental verification of PIVIS by shaking
table test

6.1 Test setup

Fig. 11 shows the setup and instrumentation of the
shaking table test conducted for the prototype PIVIS. The
system parameters of the tested prototype are listed in the
third column of Table 1. As shown in Fig. 11, a linear
variable differential transformer (LVDT), a velocity meter,
and an accelerometer were placed on the equipment
platform to measure the responses of the equipment isolated
by PIVIS. Moreover, a velocity meter and an accelerometer
were also mounted on the shaking table to record the
generated ground acceleration, which is used as the input
excitation in the later numerical simulation. Furthermore, a
load cell was installed in the PFD (see Fig. 4) to measure
the controllable normal force generated by the piezoelectric
actuator. The vertical components of the Kobe and Loma
Pricta earthquakes were used as the input ground motions.

Table 1 Parameters of various isolation systems used for numerical simulation

Component Item PIVIS Passive!) Traditional
Mass of equipment (M) 16 kg 16 kg 16 kg
Isolation stiffness (k) 336 N/m 336 N/m 336 N/m
Vemz;lst‘zgia“"“ Traditional period (7) 1377 s 1377 s 1377 s
Traditional frequency (w) 0.726 Hz 0.726 Hz 0.726 Hz
Inherent friction (u:) 387N 3.87N 387N
Counterweight (m) 5374 kg 5.374 kg --
Ratio of moment (R) 0.264 0.264 --
Counterweight a.nd Ratio of moment arm (Ry) 0.786 0.786 --
leverage mechanism
Effective frequency (@) 0.66 Hz 0.66 Hz --
Effective period (T) 1.513 s 1.513s --
Friction coefficient (1) 0.15 -- --
Piezoelectric friction . . .
damper (PFD) Piezoelectric coefficient (C,) 0.074 N/V -- --
Pre-compression (Ny) 23N -- --
Maximum voltage (Vmax) 500V -- --
NSF Controller ) ]
Velocity coefficient (8) 20 -- --

(@ Passive system means passive-PIVIS in which the PFD is completely removed from PIVIS
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Fig. 13 Comparison of theoretical and experimental results of PIVIS (Loma Prieta, PGA = 0.35 g)

Notably, the piezoelectric actuator in the PFD usually
requires a DC electric power of high voltage but low
current. The DC voltage, which may go up to 500 V or
more, is usually provided by a voltage amplifier. In the

experiment of this study, an amplifier with a gain of 100
V/V to amplify a 5 V control signal to a driving voltage of
500 V. On the other hand, the electric current required for
the piezoelectric actuator is usually at a range of several
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mA, so the total energy demand to control the piezoelectric
actuator is actually minimal, and may be provided by a
battery system.

6.2 Comparison of experimental and theoretical
results

To experimentally verify the developed PIVIS analysis
method, the simulated theoretical responses of PIVIS due to
the Kobe and Loma Prieta earthquakes are compared with
the experimental responses in Figs. 12 and 13, respectively.
There are five subplots in each of these figures. The
subplots represent (a) the time response of the equipment
acceleration, (b) the time response of isolation
displacement, (c) the control voltage as a function of sliding
velocity, (d) the time response of the PFD clamping
(normal) force, and (e) the hysteresis loop of PIVIS. In each
subplot, the solid and dotted lines represent the numerical
and experimental results, respectively. In both Figs. 12(e)
and 13(e), the force in the hysteresis loop is estimated as

F(t) = MZyexp (28)
where F, represents the total vertical force applied to the
isolated equipment by PIVIS and Zy.,, denotes the
equipment acceleration measured in the experiment.

The following observations can be made from Figs. 12
and 13. (1) In general, the simulation results well agree with
the experimental ones in both time responses and hysteresis
loops. (2) Subplots (c) and (d) demonstrate that the control
voltage and the clamping force of the PFD can be adjusted
in a desired manner, verifying the controllability of the
PFD. (3) Subplots (e) show that due to the reactive force
fm resulting from the inertial force of the counterweight
(see Fig. 2), the shape of the PIVIS hysteresis loop becomes
irregular. This shape is very different from that of a
conventional isolation system shown in Fig. 1. This reactive

force may help suppress the vibration of equipment. (4)
Some deviations between the theoretical and experimental
results can be observed in subplots (b) and (e). One reason
for the deviations is the neglect of the moment of inertia of
the lever arm in the dynamic equation (see Eq. (6)).

7. Evaluation of isolation performance of PIVIS
by numerical simulation

In this study, the experimental results of the PIVIS are
mainly used to verify the mathematic model and its
corresponding dynamic equation and not to demonstrate the
isolation performance. However, since the magnitude and
frequency content of the input ground motions may affect
the behavior of PIVIS, to fully investigate the isolation
performance of PIVIS in earthquakes with various
characteristics, in this section, the responses of PIVIS
subjected to 14 different vertical ground motions with
various PGA levels are simulated. For comparison, the
responses of PIVIS in semi-active mode are compared with
those of PIVIS in passive mode (passive PIVIS) and those
of its traditional counterpart system (traditional system). In
passive PIVIS, the PFD is removed from PIVIS (i.e., uy =
0 in Fig. 2) but the leverage mechanism and counterweight
are retained. In the traditional system (see Fig. 1), the PFD
and leverage mechanism are removed from PIVIS. The
system parameters for the three systems (i.e., PIVIS,
passive PIVIS and traditional VIS) are listed in Table 1.

There are two reasons that the responses of PIVIS in
semi-active and passive modes were compared by using the
numerically simulated results instead of experimental
results. Firstly, in order to compare the isolation
performance of the PIVIS in passive and semi-active modes
more thoroughly, 14 ground motions including 7 near-fault
ground motions that contain strong long-period components
will be considered. To reproduce a near-fault ground

Table 2 Average of response spectra for each of the 14 selected vertical ground motions

Average spectral Average spectral

Characteristic Earthquake (station) acceleration(" (g) displacement( (m)
1994 Northridge (Newhall) 0.143 0.197
1940 El Centro 0.165 0.228
1994 Northridge (Sylmar) 0.203 0.287
Far-field .
1994 Northridge (Lacc North) 0.422 0.559
earthquake
1992 Landers (Yermo) 0.426 0.464
1989 Loma Prieta (Hollister) 0.506 0.872
1992 Cape Mendocino (Petrolia) 0.537 0.855
1995 Kobe (JMA) 0.613 0.591
1989 Loma Prieta (Lexington) 0.658 0.816
1989 Loma Prieta (Oakland) 0.696 0.715
Near-fault 1999 Chi-Chi (TCU068) 0.969 1.710
earthquake
1999 Chi-Chi (TCUO075) 1.008 1.694
1999 Chi-Chi (TCU052) 1.296 2.238
1999 Chi-Chi (TCU102) 1.516 2.326

() The average of spectral value is taken for the period between 1.0 to 4.0 s
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Fig. 14 Acceleration response spectra of fourteen vertical ground motions

accelerations in a test generally requires a very long-stroke
shaking table. Due to the stroke limit, the shaking table used
in this study could not generate some of the near-fault
ground motions with a higher intensity. Secondly, it is very
difficult for a shaking table to generate two exactly same
vertical ground accelerations for the passive and semi-
active systems; therefore, an accurate comparison between
the two systems would be difficult to achieve by the test.

7.1 Selected ground accelerations

Fourteen vertical ground motions, including seven near-
fault earthquakes and seven far-field earthquakes, are
considered in the numerical simulation. Table 2 lists these
ground motions. The classification of near-fault and far-
field earthquakes is based on the average values of
displacement and acceleration spectra in the structural
period of 1 to 4 s. As shown in Table 2, for a specific
ground motion, if the average of the spectral displacement
for the structural periods of 1 to 4 s is larger than 0.5 m and
at the same time the average of the spectral acceleration is
larger than 0.6g, the ground motion is classified as a near-
field earthquake; otherwise, the ground motion is classified
as a far-field earthquake. Figs. 14(a) and (b) compare the
acceleration response spectra for the seven far-field and
seven near-fault earthquakes, respectively. The solid line in
the figures represents the average response spectrum curve.
From Fig. 14, it is observed that the spectral accelerations

Vertical Displacement

Vertical Acceleration

of the seven near-fault earthquakes in the long-period range
(1-4 s) are higher than those of the seven far-field
earthquakes. This implies that the near-fault earthquakes
tend to induce larger responses for a long-period system
such as a seismic isolation system.

7.2 Comparison with traditional isolation system

To compare the isolation performance of PIVIS (with
NSF) and the traditional system in the time domain, a
representative near-fault earthquake (Kobe) and a far-field
earthquake (El Centro) are considered as the input ground
motion in Figs. 15 and 16, respectively. In these figures, the
PGA of both vertical ground motions is scaled to 0.4g, and
the isolation displacement, equipment acceleration, and
hysteresis loop of PIVIS and the traditional system are
compared. Figs. 15(a) and (b) show that under the
excitation of the near-fault Kobe earthquake, the traditional
system exhibits resonance-like behavior and a severe
oscillation response, whereas PIVIS very effectively
suppresses this oscillation and prevents the resonance
response. Fig. 15(c) shows that the typical shape of the
hysteresis loop (parallelogram) is obtained for the
traditional isolation system, and that an irregular shape of
the hysteresis loop is obtained for PIVIS (due to reactive
force fj, resulting from the counterweight). This reactive
force and the friction force u,; of the PFD effectively
suppress the motion of the equipment isolated by PIVIS.
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Table 3 Comparison of average peak responses of PIVIS (with NSF) and traditional system under

different earthquakes

Ave. peak isolation displacement

Ave. peak equipment acceleration

(a)
Earf;ggake P(S;A Trad(it:i)onal PI({:])IS (C)/.(??) Trad(i(:i)onal (d){(ag) PI(\S/)IS (e)/.(zg)
(mm) (mm) Ratio (@) Ratio () Ratio
0.1 36.7 2.18 0.060 0.101 1.01 0.085 0.846
0.2 119 20.0 0.171 0.276 1.38 0.153 0.763
Near-fault 0.3 210 50.3 0.239 0.470 1.57 0.225 0.751
(7Trecords) 0.4 303 91.4 0.302 0.665 1.66 0.311 0.778
0.5 402 137 0.342 0.877 1.75 0.413 0.825
Average 0.223 Average 1.47 Average 0.793
0.1 445 0.364 0.082 0.033 0.330 0.081 0.813
0.2 38.5 3.49 0.091 0.105 0.200 0.130 0.650
Far-field 0.3 51.4 6.13 0.119 0.133 0.442 0.173 0.578
(Trecords) .4 81.2 12.0 0.147 0.196 0.490 0.217 0.541
0.5 117 20.1 0.172 0.271 0.542 0.260 0.519
Average 0.122 Average 0.401 Average 0.620
0.1 20.6 1.27 0.062 0.067 0.672 0.083 0.829
0.2 71.8 11.4 0.159 0.176 0.879 0.141 0.706
Total 0.3 131 28.2 0.216 0.301 1.00 0.199 0.664
(14 records) (.4 192 51.7 0.269 0.430 1.08 0.264 0.660
0.5 260 78.8 0.304 0.574 1.16 0.336 0.672
Average 0.202 Average 0.958 Average 0.706

() The peak displacement of the PIVIS (NSF) divided by that of the traditional system
@ The peak acceleration of the PIVIS (NSF) or traditional system divided by the PGA

For the far-field El Centro earthquake, which contains more
high-frequency content, Fig. 16 shows that PIVIS has less
isolation displacement but has a higher acceleration
response compared with those for the traditional system.
Nevertheless, the peak acceleration of PIVIS is only about
0.2 g, which is only half of PGA (0.4 g). This indicates that
for far-field earthquakes, the isolation efficiency of PIVIS is
preserved even though it is not as efficient as the traditional
system.

To further evaluate the isolation performance of PIVIS
with more ground motions, Table 3 compares the average

peak responses of PIVIS (with NSF) and the traditional
systems under the 14 chosen earthquakes with five different
PGA levels. It is shown the average of the peak isolation
displacements of PIVIS is lower than that of the traditional
system for both near-fault and far-field earthquakes.
Considering all 14 earthquakes, the average of the PIVIS
displacement is only about 20% of that of the traditional
system. In other words, PIVIS reduces isolator
displacement by 80%, and thus greatly reduces the required
isolation space. For the equipment acceleration response,
Table 3 shows that the traditional system has excellent



208 Lyan-Ywan Lu, Ging-Long Lin, Yi-Siang Chen and Kun-An Hsiao

Vertical Displacement

Vertical Acceleration

Hysteresis Loop

200 80
—PIVIS —PIVIS
I e Passive|| | & | Passive 60

100
~ 40 ;
£ s - 2
£, 2 € 20 g
=4 v o [ )
2 ] B " " g . .'f
g N o ' B ¢
& -100 i 8 g 40 Aol
2 ! < P AN
a ! A

-40 7
-200 YRV
-60 ;{ 5
| g
\
-300 -8 -
0 10 20 30 40 30 40 -SOO -200 -100 0 100 200

time(s)

(a) Isolation displacement

time(s)

(b) Equipment acceleration

Displacement (mm)

(c) Hysteresis loop

Fig. 17 Responses of PIVIS and the passive PIVIS (Kobe, PGA = 0.4 g)

Vertical Displacement
10

Vertical Acceleration

Hysteresis Loop

v 0.3 40
—PIVIS —PIVIS —PIVIS
| S I R I e Passive O e e s e Passi 30 [ G — Passi
5 " [ - ive - l \ Passive
S NP , 20 el i
3 AN Ty _. 01 s VY . |
g O i HW] o 1 2 Z \ 4
= o ! c = 10 N A
S " S 0 8 TN ; (N
g . ] g 5 o IR H | HATHY
@ i r,J o] s RN it i
3 o -0.1 1 = 5N S \ NS
= ] 5 -10 % < CRLYRRY
& -10 < s P 1 itk G
e o0 20 LS AT
A
0.3 -30 V4
-20 0.4 -4Q
0 10 20 30 40 0 10 20 30 40 -20 -15 -10 -5 0 5 10

time(s)

(a) Isolation displacement

time(s)

(b) Equipment acceleration

Displacement (mm)

(c) Hysteresis loop

Fig. 18 Responses of PIVIS and passive PIVIS (El Centro, PGA= 0.4 g)

isolation performance under the seven far-field earthquakes,
for which it reduces the peak acceleration to about 40% of
PGA. However, the traditional system performs poorly for
the seven near-fault earthquakes, for which its average peak
acceleration is amplified to about 1.47 times PGA. In
contrast, PIVIS reduces the peak acceleration to about 80%
and 60% of PGA for the near-fault and far-field
earthquakes, respectively. This shows that PIVIS can
prevent the resonant behavior induced by a near-fault
earthquake, which usually has strong long-period
components. Therefore, unlike the traditional system, PIVIS
is an effective isolation system for both earthquake type.

7.3 Comparison with passive PIVIS

Similar to Figs. 15 and 16, Figs. 17 and 18 compare the
simulated responses of PIVIS (with NSF) and passive
PIVIS (ugz = 0) under the Kobe and El Centro earthquakes,
respectively. Fig. 17 shows that the passive system exhibits
resonance-like behavior for the near-fault Kobe earthquake,
although the amplitude of the oscillation is reduced
compared with that of the traditional system shown in Fig.
15. Fig. 17 also shows that this resonance-like response is
effectively mitigated by the PFD in PIVIS (with NSF
control law). For the far-field El Centro earthquake, Fig. 18
shows that PIVIS has a lower peak isolation displacement
than that of the passive system, and that the peak equipment
accelerations of both systems are at the same level. This

indicates that the PFD in PIVIS can reduce isolation
displacement while maintaining isolation efficiency. Figs.
17 and 18 show that in both far-field and near-fault
earthquakes, PIVIS with the NSF controller exhibits better
isolation performance than that of passive PIVIS.

For the fourteen selected earthquakes with five different
PGA levels, Table 4 compares the average peak responses
of PIVIS and the passive system. As shown in the table, for
both near-fault and far-field ground motions, the peak
isolation displacement of PIVIS is always lower than that of
passive PIVIS. When all fourteen earthquakes are
considered, the average peak displacement of PIVIS is only
about 32.7% of that of passive PIVIS. Regarding the
equipment acceleration response, the peak acceleration of
PIVIS is much lower than that of passive PIVIS for the
seven near-fault earthquakes, even though PIVIS has a
slightly higher acceleration for the seven far-field
earthquakes, for which PIVIS is still an effective isolation
system because it reduces the average peak acceleration to
about 62% of PGA. When all fourteen earthquakes are
considered, Table 4 shows that the average peak
acceleration of PIVIS is only 70.6% of PGA, which is lower
than that of passive PIVIS (76.1%). This demonstrates that,
compared with the passive system, PIVIS with the NSF
control law has better isolation performance in terms of
displacement and acceleration responses.
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Table 4 Comparison of average peak responses of PIVIS (with NSF) and passive PIVIS under

different earthquakes

Ave. peak isolation displacement

Ave. peak equipment acceleration

(a)
P PO s 00 O 06 Gl oo
(mm) (mm) Ratio () Ratio () Ratio
0.1 18.1 2.18 0.121 0.076 0.761 0.085 0.846
0.2 69.7 20.4 0.293 0.184 0918 0.153 0.763
Near-fault 0.3 138 50.3 0.365 0.315 1.05 0.225 0.751
(7 records) 0.4 205 91.4 0.445 0.450 1.13 0.311 0.778
0.5 271 138 0.508 0.583 1.17 0.413 0.825
Average 0.346 Average 1.01 Average 0.793
0.1 1.71 0.364 0.213 0.061 0.606 0.081 0.813
0.2 10.4 2.47 0.237 0.102 0.508 0.130 0.650
Far-field 0.3 26.5 6.13 0.231 0.144 0.479 0.173 0.578
(7 records) 0.4 45.9 12.0 0.260 0.196 0.491 0.217 0.541
0.5 65.8 20.1 0.305 0.255 0.510 0.260 0.519
Average 0.249 Average 0.519 Average 0.620
0.1 9.90 1.27 0.129 0.068 0.684 0.083 0.829
0.2 40.1 11.4 0.285 0.143 0.713 0.141 0.706
Total 0.3 82.2 28.2 0.343 0.229 0.764 0.199 0.664
(14 records) 0.4 126 51.8 0.411 0.323 0.808 0.264 0.660
0.5 168 78.8 0.468 0.419 0.838 0.336 0.672
Average 0.327 Average 0.761 Average 0.706
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(D The peak displacement of the PIVIS (NSF) divided by that of the Passive-PIVIS system
) The peak acceleration of the PIVIS (NSF) or the Passive-PIVIS system divided by the PGA

8. Conclusions

In this paper, a semi-active isolation system called the
piezoelectric inertia-type vertical isolation system (PIVIS)
was proposed for the seismic protection of equipment and
its isolation theory was developed. PIVIS mainly consists of
a counterweight, a leverage mechanism, and a piezoelectric
friction damper (PFD). The leverage mechanism transfers
the gravitational and inertial forces generated by the
counterweight to the equipment side, and thus provides an
additional reactive force to the isolated equipment.
Consequently, in the static state, PIVIS can prevent
excessive initial settlement of the isolation system due to
the self-weight of the equipment, and in the dynamic state,
the counterweight and the leverage mechanism lengthen the
effective isolation period. The PFD with a suitable control
law provides a controllable friction force to PIVIS,
suppressing excessive isolation displacement induced by a
near-fault earthquake with long-period components. To
verify the feasibility of PIVIS, a prototype PIVIS was
manufactured and tested dynamically using a shaking table.
In the test, a simple semi-active control law called NSF
control was employed. Using fourteen vertical ground
motions, including seven near-fault and seven far-field
earthquakes, with five different PGA levels, the peak
responses of PIVIS were simulated and compared with
those of a counterpart traditional isolation system and

passive PIVIS.

Based on the experimental and numerically simulated
results, the following conclusions were obtained. (1) The
results of the shaking table test well agree with the
theoretical results. This verifies the feasibility of PIVIS and
the correctness of the developed theoretical model and
numerical method for predicting the dynamic response of
PIVIS. (2) For the fourteen selected vertical ground
motions, the numerical results show that the average peak
isolation displacement of semi-active PIVIS is only about
20% and 33% of those of the traditional and passive
systems, respectively. This demonstrates that PIVIS with a
controllable friction force can effectively suppress isolation
displacement and greatly reduce the required isolation
space. (3) In terms of mitigating equipment acceleration, the
traditional system performs very poorly for near-fault
earthquakes with strong long-period components; the
average peak acceleration is amplified up to about 147% of
PGA due to a resonance-like response. In contrast, PIVIS
reduces the peak acceleration response to about 79% of
PGA on average. (4) For far-field earthquakes, the peak
acceleration response of PIVIS may be slightly higher than
those of the traditional and passive systems; however,
PIVIS is still a very effective isolation system because its
average peak acceleration is much lower than PGA.
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