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Given the issues existing in the isolation technology of high-rise structures, this study displays a thorough examination ponder of
three control strategies incorporating numerical and experimental investigation on high-rise structures, which include friction
pendulum system (FPS) base isolation, the FPS inter-storey isolation, and the FPS dual isolation. Depending on the third-
generation benchmark structure, a scaled 9-storey finite element model is designed, and the matching model of FPS is outlined
and fabricated, as required by the geometric similarity criteria. Four typical ground motions and four types of peak ground
acceleration (PGA) are considered to investigate the dynamic response of three control strategies. (e findings demonstrate that
the FPS dual isolation technology can viably smother that acceleration of the top layer of the high-rise structure, and the vibration
reduction effect of the substructure will be additionally self-evident. For high-rise structures, the FPS dual isolation technology has
a significant vibration decrease impact, not just during minor earthquakes but also even during vast earthquakes. (e vibration
reductionmechanism of FPS dual isolation technology combines tunedmass damper (TMD) and base isolation technology.(ose
inertial force drives of the superstructure suppress response from claiming substructure, and same time, substructure is the form
of base isolation, which extends that structural period segregates the seismic vitality. (e structural deformation can be spread
between the lower isolation storey and the upper isolation storey, which effectively limits the floor displacement of the structure.
(e FPS dual isolation does not mainly reduce that essential mode response of the system and suppresses the response of the high-
order mode, which will be the primary reason behind the tremendous vibration decreased impact of the long-period structure.
Eventually, it is demonstrated that the finite element model can simulate the dynamic response of the FPS dual isolation system
with acceptable accuracy and is suitable for further parametric analysis and comparison by comparing the numerical analysis with
the experimental findings.

1. Introduction

Inter-storey isolation technology and base isolation tech-
nology have fabulous isolation performance for conven-
tional seismic structure systems [1–4]. (e height-width
ratio of the base isolation structure is stipulated in China’s
seismic design code. (at is, it should not be greater than 4
[5]. With the increment in height-width ratio, the overall
overturning moment of high-rise structure decreases, and
the lateral displacement angle increases. Due to the long
natural vibration period, it is troublesome to realize an
excellent isolation impact using base isolation for high-rise
structures.When the high-rise isolated structure experiences
a strong dynamic earthquake, the structural deformation is

mainly the first-order vibration mode, and the high-order
vibration mode is involved, including bending deformation
and shear deformation. 111 West 57th Street Tower in New
York has reached a super height-width ratio of 24.(e super
height-width ratio buildings will have problems such as
insufficient structural stiffness, out-of-limit displacement
index, the tension of vertical members, and zero stress zone
of foundation, which makes the structural seismic analysis
and designs more and more complex [6].

(e inter-storey isolation technology is a new isolation
method developed in practice based on base isolation
technology. (e isolation bearing is installed in the middle
storey of the structure to control the seismic response of the
system. It can be applied in some unsuitable designs for base
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isolation technology, such as offshore platforms where
isolation rubber bearings will be corroded by seawater;
massive horizontal displacement of isolation storey will
impact structural design. Besides, it is easy to install base
isolation devices in new buildings, but it is complicated and
costly for retrofit applications, excavation, and temporary
supports. Installing the isolation system on the roof is rel-
atively inexpensive and straightforward and will not cause
damage. Using inter-storey isolation technology, the ac-
celeration response of the structure can be adequately
controlled, and the deformation between storeys is mainly
concentrated in the isolation storey. (e additional storey
can be added to the existing system without increasing the
base shear. Of course, inter-storey isolation technology also
has disadvantages. When using inter-storey isolation, the
deformation of the high-rise structure is concentrated on the
isolation layer, which will cause irreversible damage to the
isolation layer, and the isolation layer cannot recover by
itself. When the high-rise isolation structure encounters
strong dynamic load, the isolation bearing may be pulled or
unstable due to excessive deformation, and the rubber
bearingmay be damaged due to overturningmoment. So far,
there are few application examples of inter-storey isolation
technology in high-rise structures [7–14].

To further improve the isolation capacity and continu-
ously optimize the isolation performance on the above basis,
the dual isolation system appears to be the combination of
base isolation and inter-storey isolation methods. (e dual
isolation system can disperse the seismic force to two iso-
lation storeys, solve the phenomenon of excessive tensile
stress in a single isolation storey, make the upper and lower
isolation storeys work together, and overcome the contra-
diction between consuming seismic force and large height-
width ratio.

Mega-sub-control method proposed by Wen-Chyr Chai
[15] of the University of California in 1996 is the most
punctual hypothesis of the dual isolation system. (e the-
oretical principle is that the whole structure is separated into
several substructures, and each substructure is composed of
connected frames and isolation bearings. It is equivalent to
that the substructure becomes a base isolation form, which
solves the problems of overturning and torsion of high-rise
structure caused by too large aspect ratio and gives the
system with large aspect ratio the ability to resist large
earthquakes. (erefore, this technology has the advantages
of damping, energy dissipation, and foundation isolation.

(e friction pendulum system (FPS) has been utilized in
engineering since it was initially developed by Professor
Zayas of the University of California, Berkeley, in 1985
[16–19].(ere is a joint in the sliding block of the FPS, which
keeps the sliding block horizontal when it slides along the
slideway. (e slideway has the same radius of curvature as
the slide surface and is coated with low friction materials,
such as polytetrafluoroethylene (Teflon). When the earth-
quake action exceeds the static friction, the FPS makes the
superstructure move through the movement of the spherical
sliding surface. (e horizontal force of the bearing is the
resultant force of the friction of the sliding surface and the
restoring force of the superstructure rising along the

slideway.(e period and stiffness of the isolation system can
be controlled by choosing the appropriate radius of cur-
vature and the dynamic friction coefficient, which contains
the damping property. As shown in Figure 1, the cross
section of the FPS is illustrated, in which the direction with
the sliding surface facing upward is generally used for base
isolation, while the path with the sliding surface facing
downward is usually used for inter-storey isolation. (e FPS
is placed between the structure and the foundation or be-
tween the superstructure and the lower frame. It can reduce
the lateral force and the horizontal vibration transmitted to
the system so that the system will not be damaged under
earthquake excitations [20–40].

Given the issues existing in the high-rise structures, this
study studies the dual isolation technology based on friction
pendulum system (FPS) combined with base isolation
technology and inter-storey isolation technology. As a
strategy to control the seismic response of high-rise struc-
tures with large height-width ratio, the FPS dual isolation
technology can overcome the problem that the isolation
bearing of the FPS base isolation structure deforms toomuch
during the earthquake, resulting in the tensile damage of the
bearing, which makes the system prone to overturning and
collapse. Furthermore, it decreases FPS collision damage
caused by sizeable sliding displacement in the FPS inter-
storey isolation structure and improves the anti-overturning
ability of high-rise structures. It solves the limitation of using
isolation and damping technology in high-rise structures
and has the advantage of self-resetting. (e three control
strategies’ acceleration vibration reduction effect and dis-
placement response are compared by numerical analysis.

2. FEMsofFPSandFPSDual IsolationStructure

2.1.MechanicalModel of FPS. (emechanical model of FPS
is shown in Figure 2. W � mg is the total weight of the
isolated building; m � (miso + 

N
i�1 mi) is the total mass of

the inter-storey isolation building; miso is the mass of the
isolation floor; mi is the mass of the ith floor; and g is the
gravity acceleration.

Based on the principle of static equilibrium of bending
moment at the center of the arc, the horizontal force can be
written as a combination of restoring force and friction
force.

FR cos θ − WD − fR � 0⟹F �
WD

R cos θ
+

f

cos θ
. (1)

When θ is small, the unidirectional horizontal force-
deformation relation of FPS is given as follows:

F �
WD

R
+ μWsgn( _θ). (2)

D � R sin θ is the horizontal slipping displacement, and
R is the radius of curvature of FPS; N � W cos θ is the
normal force of slider; f � μNsgn( _θ) is the friction force,
where μ is the friction coefficient and θ refers to the rotation
angle of the slider relative to the vertical symmetry axis of the
slide, which is positive in the anticlockwise direction.
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According to (2), the hysteretic curve of FPS can be obtained
and shown in Figure 3.

kh � (W/R) is the restoring stiffness of FPS, ki � μW/dy

is the initial stiffness of FPS, and dy is the yield displacement
of FPS, which is the small displacement value of the FPS
sliding against static friction. (e equivalent stiffness of FPS
is as follows:

keff �
F

Dd

�
W

R
+
μW

Dd

, (3)

where Dd is the limited displacement value of FPS and keff is
equivalent stiffness of FPS.

2.2. FEMAnalysis of FPS. (e finite element model of FPS is
established by ANSYS, as shown in Figure 4. (e test model
is shown in Figure 5. (e slideway radius of the sliding
surface of the bearing is 200mm, and the design displace-
ment value is ±40mm. (e FPS is simulated by a 20-node
hexahedral element (SOLID186), suitable for elastoplastic
analysis and contact analysis. (e constitutive model is the
isotropic elastic model, and the elastic modulus of steel is
2×105MPa. Poisson’s ratio is 0.3, and the density is
7.85×103 kg/m3. In ANSYS, the friction coefficient is de-
fined as a constant. (e tangential friction of the contact
surface follows Coulomb’s law, and the static friction co-
efficient is the same as the dynamic friction coefficient, so the
correlation between friction coefficient and velocity cannot
be considered.

As shown in Figure 6, the experimental and numerical
simulation results of FPS are listed.(e finite element model
well simulates the mechanical behavior of FPS, and the
hysteretic curve is entire and steady, which confirms the
rightness of the theoretical mechanical model and the ac-
curacy of the finite element results. (e equivalent stiffness
of the finite element analysis results is higher than the
theoretical calculation value, whereas the equivalent stiffness
of the test results is lower.

2.3. FEM of FPS Dual Isolation Structure. (e finite element
models for the FPS base isolation structure, the FPS inter-
storey isolation structure, and the FPS dual isolation
structure are established using finite element software
ANSYS Workbench to compare and validate the experi-
mental results. As shown in Figure 7, the model column and
plate are modeled by the BEAM188 element and SHELL181
element, respectively. (e SOLID186 element models the
FPS and shake table, which simulates the loading of ground
motions by applying a force load to the shake table. Each
component of the FPS uses a “Joint” to determine the form
of joint movement, and friction contact is defined between
the contact surfaces using the CONTA174 element and the

(a) (b)

Figure 1: Friction pendulum system. (a) For base isolation. (b) For inter-storey isolation.
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Figure 2: Calculation model of FPS.
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Figure 3: Hysteretic model of FPS.
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Figure 4: Finite element model of FPS.

Figure 5: FPS.
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Figure 6: Hysteretic curve of numerical simulation and test results.
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Figure 7: Finite element models of the structure FPS isolation system. (a) Primary structure. (b) FPS base isolation structure. (c) FPS inter-
storey isolation structure. (d) FPS dual isolation structure.
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TARGE170 element. Asymmetric behavior is adopted, the
augmented Lagrangian algorithm is adopted for contact
coordination, and the contact stiffness ratio is defined as 0.1.
Nodal projection normal from contact is adopted for contact
detection between the slider and the lower support plate, and
nodal normal to target is adopted for contact detection
between the slider and upper support plate. A 345MPa steel
is used as the material of FPS, shake table, column, and plate.
(e size of the finite element model is determined to be
0.5m× 0.5m, and the total height is 2.065m.(e first storey
is 0.305m high, and the other storeys are 0.22m high, and
thus, the height-width ratio is 4.13.

2.4. GroundMotions. Four ground motions with important
horizontal components are selected from the Pacific
Earthquake Engineering Research Center (PEERC) data-
base, including 1940 El Centro ground motion, 1952 Taft
ground motion, 1979 Imperial Valley ground motion, and
1994 Northridge ground motion, as shown in Table 1. At the
same time, the peak ground acceleration (PGA) values for
the structural response of the structure FPS isolation system
under different seismic intensities are 0.1 g, 0.15 g, 0.2 g, and
0.25 g, respectively. Figure 8 depicts earthquake records in
the X-direction.

3. Dynamic Property of FPS Dual
Isolation Structure

(e model’s dynamic characteristics are examined first. (e
primary structure, the FPS base isolation structure, the FPS
inter-storey isolation structure, and the FPS dual isolation
structure’s mode frequencies are all found using the modal
analysis. Tables 2 and 3 present a summary of the findings.
(e natural frequencies of the numerical simulation findings
are in perfect accord with those of the test, as can be seen
from the data.(e primary structure’s first natural frequency
is 2.25Hz. (e fundamental natural frequency of the
structure is reduced after using FPS base isolation, and the
first natural frequency is 2.14Hz; the first natural frequency
of the structure is reduced to 1.60Hz after using FPS inter-
storey isolation technology; and the first natural frequency of
the structure is further reduced to 1.53Hz after using FPS
dual isolation technology.

(emode participation mass coefficient is only related to
vibration modes. Using the orthogonality of different vi-
bration modes, the sum of the mode participation mass
coefficient is 1, which indicates that the mode participation
mass coefficient is equivalent to a weight distribution co-
efficient, and the mode participation mass coefficient di-
rectly indicates the proportion of the influence of
corresponding vibration modes in all vibration modes. (e
participation mass coefficient of the structure’s first vibra-
tion mode grows dramatically once the control technique is
implemented, whereas the participation mass coefficient of
other vibration modes declines. (e first vibration mode of
the FPS dual isolation structure has a participation mass
coefficient of 99.64%, which means that the isolation strategy
can fast enhance the weight of the first vibration mode effect

while reducing the contributions of the second and higher
vibration modes.

4. FEM Analysis Results

(e primary goal of this work is to evaluate the performance
of the three control systems by analyzing and comparing the
dynamic responses of the FPS base isolation structure, the
FPS inter-storey isolation structure, and the FPS dual iso-
lation structure. As a result, structural acceleration and floor
displacement are the most important indexes for measuring
and assessing seismic performance.

4.1. Time Histories of Structural Response at the Top Floor.
(e top acceleration of the FPS dual isolation structure is
much smaller than that of the other two structures, as shown
in Figure 9, and the vibration reduction effect is visible. (e
FPS dual isolation technology can effectively inhibit high-
rise structural reaction, weaken high-frequency seismic
waves, and consume seismic energy.

Top floor’s acceleration vibration reduction rate � (top
floor’s peak acceleration of the primary structure–top floor’s
peak acceleration of the FPS isolation structure)/top floor’s
peak acceleration of the primary structure × 100%. Table 4
shows that the acceleration vibration reduction rate of FPS
base isolation technology is concentrated between 7% and
50%, the acceleration vibration reduction rate of FPS inter-
storey isolation technology is mainly reflected between 19%
and 60%, and the acceleration vibration reduction rate of
FPS dual isolation technology is mainly reflected between
38% and 65%. (e vibration reduction effect is superior to
that of other vibration control technologies. (e results
reveal that the FPS dual isolation technology is more resilient
and effective than the FPS base isolation technology and that
it incorporates the benefits of both the FPS base isolation and
FPS inter-storey isolation technologies. In addition, the FPS
dual isolation technology increases high-rise structure vi-
bration reduction and controls structural deformation on
two isolation storeys.

(e vibration reduction effects of the first two control
methods are lost in the case of a small earthquake, and the
acceleration response increases, indicating that the FPS
cannot slide completely in the case of a small earthquake,
and thus cannot achieve the vibration reduction effect and
reduce energy consumption. In the case of small earth-
quakes, the FPS dual isolation technology reduces vibration
by more than 60%, and in the case of large earthquakes, it
reduces vibration even more. It demonstrates that the FPS
dual isolation technique improves the structure’s ability to
deal with major and super large earthquakes, as well as
having a superior application outlook.

Table 1: Selected ground motions.

No. Excitation Magnitude
1 1940 Imperial Valley, El Centro Array #9, 180◦ 6.95
2 1952 Kern County, Taft Lincoln School, 21 7.36
3 1979 Imperial Valley, El Centro Array#5, 140 6.53
4 1994 Northridge, Sylmar Hospital, 090 5.13
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On the one hand, the vibration reduction mechanism of
the FPS dual isolation structure is the combination of tuned
mass damper (TMD) and base isolation technology. (e
superstructure is equivalent to a mass block. (e inertial
force when the superstructure and the lower structure
produce relative displacement produces the opposite force
on the lower structure through the horizontal force of the
upper friction pendulum system to control the acceleration
response and deformation of the lower structure. On the
other hand, the substructure and base isolation bearings
form a base isolation structure, which prolongs the fun-
damental period of the isolation system and isolates part of
the seismic energy. Finally, the amount of seismic energy is
consumed by friction on the contact surface of the friction
pendulum system. (ese three factors work together to
progress the vibration reduction effect of FPS dual isolation
technology.

4.2. .e Amplification Factor of Floor Acceleration. (e
amplification or reduction in the superstructure’s input
acceleration to the table can be reflected in the floor ac-
celeration amplification factor. (e acceleration amplifica-
tion factor curve is shown in Figure 10. By comparing the
two technologies, it is discovered that the FPS dual isolation
technology can successfully manage the superstructure’s
acceleration. In addition to the top floor’s outstanding vi-
bration reduction effect, the bottom structure’s acceleration
is effectively restrained, the floor acceleration change is

steady, and the floor acceleration amplification factor varies
between 0.5 and 2. (e FPS dual isolation technique has a
good vibration reduction effect on high-rise building
structures, as evidenced by the large reduction in the ac-
celeration response of the top level.

4.3. AccelerationTransfer Function. (e acceleration Fourier
spectrum is shown in Figure 11. (e FPS dual isolation
structure’s acceleration Fourier spectrum amplitude reduces
dramatically, suggesting that the frequency component
corresponding to the vibration mode frequency is sup-
pressed during ground motion transmission from the
shaking table to the structure. (e top acceleration transfer
function curve is shown in Figure 12. (e acceleration
transfer function of the first-order vibrationmode of the FPS
dual isolation high-rise structure has a substantially smaller
amplitude than the other two structures’ first-order vibra-
tion modes. Using the FPS dual isolation technology, the
amplitude of the high-order mode’s acceleration transfer
function is likewise lowered.

(e above analysis reveals that during the transmission
process between the FPS base isolation structure and the
FPS inter-storey isolation structure, the seismic energy
components with similar vibration mode frequencies of the
FPS base isolation structure and the FPS inter-storey
isolation structure are amplified, while the seismic energy
components with similar vibration mode frequencies of the
FPS dual isolation structure are not significantly
strengthened, and other frequency components are effec-
tively isolated.

High-order vibration modes have a far greater impact on
the FPS foundation isolation structure and FPS inter-storey
isolation structure than they do on the FPS dual isolation
structure. To manage the total seismic response of high-rise
structures, FPS dual isolation technology decreases the
seismic response of basic vibration modes of high-rise
structures and effectively suppresses the seismic response of
high-order vibration modes of high-rise structures.
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Figure 8: Ground motions.

Table 2: X-direction mode of structure/(Hz).

Mode 1 2 3 4 5
Primary structure 2.25 (2.20) 8.17 (8.10) 17.99 (14.70) 28.51 (27.00) 41.05 (42.97)
FPS base isolation structure 2.14 (2.02) 7.74 (4.98) 17.04 (16.34) 30.95 (23.16) 41.52 (39.90)
FPS inter-storey isolation structure 1.60 (1.31) 8.68 (4.95) 20.09 (15.66) 29.57 (22.69) 41.14 (39.14)
FPS dual isolation structure 1.53 (1.24) 8.15 (4.81) 19.09 (15.10) 28.91 (21.34) 40.38 (38.52)
Note. Test value is in brackets.

Table 3: X-direction mode participation mass coefficient of
structure/(%).

Mode 1 2 3 4 5
Primary structure 89.11 8.92 1.79 0.19 0.00
FPS base isolation structure 96.96 2.63 0.33 0.07 0.00
FPS inter-storey isolation
structure 98.64 1.08 0.006 0.28 0.00

FPS dual isolation structure 99.64 0.19 0.12 0.02 0.00
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4.4. Floor Displacement. (e floor displacement curves are
depicted in Figure 13. (e floor displacement increases as
the floor position rises. When Taft, Imperial Valley, and
Northridge ground motions are applied, the floor dis-
placement of the FPS base isolation structure is less than that
of the FPS inter-storey isolation structure, and structural
deformation is localized primarily on the isolation layer. (e
FPS inter-storey isolation technology has poor control on

the floor displacement and even exceeds the floor dis-
placement of the primary structure. (e FPS dual isolation
structure, in comparison with the other two control systems,
can successfully regulate the structure’s floor displacement,
and the control effect is visible. It demonstrates that the FPS
dual isolation technique can effectively avoid floor dis-
placement while maintaining the superstructure’s acceler-
ation control effect.
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Figure 9: Top acceleration time-history curve.

Table 4: Top acceleration vibration reduction rate of the structure FPS isolation system/(%).

PGA (g) 1940 El Centro 1952 Taft 1979 Imperial Valley 1994 Northridge

FPS base isolation structure

0.1 28.22 12.00 29.35 29.35
0.15 41.40 36.39 11.53 23.56
0.2 21.19 49.38 7.20 17.65
0.25 35.56 43.39 41.39 27.78

FPS inter-storey isolation structure

0.1 25.81 22.37 28.74 28.74
0.15 31.64 39.10 41.85 55.41
0.2 41.27 45.99 29.55 30.99
0.25 59.14 54.83 19.59 51.86

FPS dual isolation structure

0.1 51.98 42.94 38.16 38.16
0.15 54.50 56.47 55.20 41.55
0.2 49.36 64.53 50.53 54.00
0.25 61.98 57.79 52.59 61.62
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Figure 10: Acceleration amplification factor curve.
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Figure 11: Fourier spectrum of top floor acceleration and shake table acceleration.
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4.5. Peak Displacements of the FPS Isolators. As shown in
Table 5 and Figure 14, the peak displacements and dis-
placement time-history curves of the FPS are shown. It
should be noted that, like the TMD device, the super-
structure of the FPS inter-storey isolation structure can be
comparable to a considerable mass. (e inertia force of the
superstructure inhibits the seismic response of the lower
structure under the action of seismic load, resulting in an
effective structural vibration reduction effect. However, its
cost is to sacrifice the deformation of the isolation storey of
the superstructure. When the deformation of the isolation
storey exceeds the friction pendulum system’s design stroke,
the superstructure can be inverted and unstable, necessi-
tating precautionary measures.

(e peak displacement of the isolation storey of the
FPS base isolation structure and the peak displacement of
the FPS inter-storey isolation structure, respectively, are
significantly greater than the peak displacement of the
lower isolation storey and the peak displacement of the

upper isolation storey of the FPS dual isolation structure,
as shown in the table. (e FPS dual isolation technique
increases vibration reduction and distributes structural
distortion across the lower and higher isolation storeys,
thereby minimizing the deformation of the isolation
storey. Furthermore, the lower isolation storey’s dis-
placement peak is substantially higher than the upper
isolation storey’s displacement peak, and the structural
deformation is mostly caused by the lower isolation
storey’s deformation. It improves the deficiency of FPS
inter-storey isolation technology and avoids the bending
deformation of high-rise structures under seismic load,
resulting in mostly shear deformation of the structure.
Furthermore, the FPS displacement time-history curve
demonstrates that after the seismic load has been re-
moved, the upper and lower support plates of the FPS will
naturally return to the center of the FPS, demonstrating
that the FPS dual isolation technology has superior self-
resetting capacity.
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Table 5: Peak displacements of the FPS isolator/m.

PGA 1940 El Centro 1952 Taft 1979 Imperial Valley 1994 Northridge

FPS inter-storey isolation structure

0.1 g 0.0132 0.0015 0.007 0.0030
0.15 g 0.0149 0.0093 0.0011 0.0013
0.2 g 0.0240 0.0126 0.0032 0.0050
0.25 g 0.0247 0.0151 0.0192 0.0117

FPS base isolation structure

0.1 g 0.0090 0.0043 0.0016 0.0049
0.15 g 0.0120 0.0099 0.0037 0.0120
0.2 g 0.0311 0.0104 0.0041 0.0244
0.25 g 0.0344 0.0091 0.0071 0.0234

FPS dual isolation structure

Upper isolation storey

0.1 g 0.0035 0.0027 0.0008 0.0027
0.15 g 0.0080 0.0039 0.0010 0.0029
0.2 g 0.0105 0.0038 0.0011 0.0035
0.25 g 0.0143 0.0041 0.0014 0.0048

Lower isolation storey

0.1 g 0.0102 0.0061 0.0034 0.0101
0.15 g 0.0133 0.0055 0.0049 0.0157
0.2 g 0.0142 0.0080 0.0055 0.0155
0.25 g 0.0171 0.0103 0.0082 0.0162
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5. Shaking Table Tests of the Control Scheme

5.1. Test Model Setup. (e test structure is a scaled model of
the third-generation benchmark structure [40]. (e original
structure’s dimension is 9.15m× 9.15m in planar and
37.17m in height. (e structure consists of 9 storeys, 5.49m
in the first storey and 3.96m in the other storeys. (e
original structure belongs to the high-rise structure range.
(e structural floor is a combination of steel and concrete.
(e beam is made of a 248MPa steel beam, the column is a
345MPa steel column, and the section is made of a wide-
flange I-shaped section. (e first storey of the structure has a
mass of 28ton, the mass from the second storey to the eighth
storey is 27ton each, the mass of the ninth storey is 29ton,
and the total structural weight is 246ton.

(e shake table III of Quanser Inc., 71.1 cm× 71.1 cm
two-way input shaker, is used in the test. (e maximum
seismic excitation is 1.0 g at a load of 100 kg, and the X- and
Y-direction travel is 10.8 cm, respectively. Considering
factors such as shake table performance, operating condi-
tions, and lifting capacity, the geometric similarity constant
Sl of the model structure is chosen to be 1/18; secondly,

considering the vibration level, the load capacity of the table,
and the model materials, the stress similarity constant is
chosen to be Sσ � 0.2. (erefore, the acceleration similarity
constant is Sa � 1.5, the mass similarity constant is
Sm � 4 × 10−4, and the similarity ratios of the model used in
the test are summarized in Table 6.

According to the model similarity constant, the mass of
the first storey is 11.2 kg, the mass from the second storey to
the eighth storey is 10.8 kg, the mass of the ninth storey is
11.6 kg, and the total weight is 98.4 kg. (e size of the test
model is determined to be 0.5m× 0.5m, and the total height
is 2.065m. (e first storey is 0.305m high, and the other
storeys are 0.22m high, and thus, the height-width ratio is
4.13. (e photograph and design sketch of the structural test
model is shown in Figure 15.

Before this study, the shaking table test of the FPS inter-
storey isolation structure was accomplished. When the
friction pendulum system is mounted on the top level, the
test results show that significant vibration reduction may be
accomplished. (e investigation will not be carried out in
great detail in this study. Figure 16 depicts the FPS base
isolation structure, FPS inter-storey isolation structure, and
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Figure 14: Displacement curve of the FPS isolator.
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FPS dual isolation structure schematically. (e vibration
reduction impact is obvious as the foremost self-evident
when the FPS inter-level isolation storey is placed on the 8th
floor, according to the previous experiment. (e isolation
level for further analysis and comparison to the base iso-
lation approach is appropriately chosen as the 8th floor.
Besides, 10 Lord Inc. Wireless sensors are set within the

center of each floor and on the shake table to record the
absolute acceleration response.

5.2. Results and Analysis. (e numerical analysis and ex-
perimental findings of the top floor’s acceleration time
history, the RMS values of the primary structure’s floor

Table 6: Scale factors of the model.

Quantity Scale transformation Scale factor Remarks

Physical characteristics
Length Sl 1/18 Control size
Area Ss � S2l 1/324

Linear displacement SX � Sl 1/18

Material properties

Strain Sε 1.0
Stress Sσ � SE 0.20

Elastic modulus SE 0.20 Control material
Density Sρ 2.4

Load Force SF � SES2l 6.17×10−4

Line load SP � SESl 0.011

Dynamic characteristics

Mass Sm � SρS
3
l 4×10−4

Stiffness Sk � SESl 0.011
Time St � (Sl/Sa)1/2 0.20

Frequency Sf � (Sa/Sl)
1/2 5.20

Acceleration Sa 1.5 Control test

Accelerometer

Shake Table

Shake Table

Accelerometer

500

410

30
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22
0

22
0

22
0

22
0

22
0

22
0
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Figure 15: Photograph of tested model structure on the shake table.
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(a) (b) (c)

Figure 16: Test model. (a) FPS base isolation structure. (b) FPS inter-storey isolation structure. (c) FPS dual isolation structure.
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Figure 17: Continued.
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Figure 17: Comparison of experimental and numerical results in (a) primary structure; (b) FPS base isolation structure; (c) FPS inter-storey
isolation structure; (d) FPS dual isolation structure; and (e) RMS values of floor acceleration.
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acceleration, the FPS base isolation structure, the FPS inter-
storey isolation structure, and the FPS dual isolation
structure are displayed in Figure 17. (e finite element
model is proven to accurately reproduce the seismic re-
sponse of the structure FPS isolation system and primary
structure. In most situations, the numerical and experi-
mental results remarkably agree with the same trend.

6. Conclusion

In this study, another FPS isolation control technology,
specifically FPS dual isolation technology, is compared for
FPS base isolation technology and FPS inter-storey iso-
lation technology. (e finite element model of the FPS
dual isolation structure is established. (e absolute ac-
celeration and displacement response of each floor of the
model structure is obtained through numerical analysis.
Compared with the FPS base isolation structure and the
FPS inter-storey isolation structure, the top acceleration
vibration reduction rate, floor acceleration amplification
factor, floor displacement, acceleration transfer function,
and peak displacements of the FPS are analyzed. Secondly,
the effectiveness of the finite element model is verified by
comparing the test results. (e main conclusions are as
follows:

(1) (e vibration reduction effect of FPS dual isolation
technology is concentrated between 38% and 65%.
(e vibration reduction impact of high-rise struc-
tures is great when compared to other control
methods, and the structure’s capacity to manage
major and super large earthquakes is increased.

(2) (ere are two parts to the FPS dual isolation tech-
nology’s vibration reduction process. On the one
hand, modifying the structural form isolates a por-
tion of the seismic energy. (e friction of the contact
surface of the friction pendulum system, on the other
hand, consumes seismic energy.

(3) (e FPS dual isolation technology decreases the
seismic response of high-rise structures’ basic vi-
bration modes while successfully suffocating the
seismic response of high-order vibrationmodes. As a
result, the overall seismic response of high-rise
structures is regulated, which is a useful isolation
measure.

(4) (e FPS dual isolation technology can adequately
control the floor displacement of the structure,
appropriately distribute the structural deforma-
tion to the lower isolation storey and upper iso-
lation storey, effectively limit the isolation storey
deformation, reduce the risk of overturning in-
stability and failure of superstructure due to ex-
cessive deformation of upper isolation storey, and
can be reset by itself.
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