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ABSTRACT A series of comprehensive parametric studies are conducted on a steel-frame structure Finite-Element
(FE) model with the Multangular-Pyramid Concave Friction System (MPCFS) installed as isolators. This new introduced
MPCEFS system has some distinctive features when compared with conventional isolation techniques, such as increased
uplift stability, improved self-centering capacity, non-resonance when subjected to near-fault earthquakes, and so on. The
FE model of the MPCFS is first established and evaluated by comparison between numerical and theoretical results. The
MPCFS FE model is then incorporated in a steel-frame structural model, which is subjected to three chosen earthquakes,
to verify its seismic isolation. Further, parametric study with varying controlling parameters, such as isolation foundation,
inclination angle, friction coefficient, and earthquake input, is carried out to extract more detailed dynamic response of the
MPCEFS structure. Finally, limitations of this study are discussed, and conclusions are made. The simulations testify the
significant seismic isolation of the MPCFS. This indicates the MPCFS, viewed as the beneficial complementary of the
existing well-established and matured isolation techniques, may be a promising tool for seismic isolation of near-fault
earthquake prone zones. This verified MPCFS FE model can be incorporated in future FE analysis. The results in this

research can also guide future optimal parameter design of the MPCFS.
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1 Introduction

Seismic isolation generally means to put a laterally soft but
vertically rigid layer between the superstructure and the
foundation, thus isolate the energy transmitted from the
soil to the structure [1]. Further, since the fundamental
period of the superstructure is dominated by the isolation
layer, it can shift the structural fundamental frequency to a
much smaller value and enable it to shun energy-rich range
of the earthquake spectrum, which often has an energy-
concentration frequency band well above 1 Hz for far-field
seismic inputs.

The existing seismic isolation tools can be divided down
into three main types: rubber bearing (RB), sliding or
rolling friction bearing, and their hybrid. The well-
established and matured isolation techniques have success-
fully helped numerous buildings to suffer devastating
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earthquakes, saved thousands of precious lives and
millions of dollars. Such miracles achieved by the great
professionals that introduced these amazing techniques
should be sincerely respected and born in mind.

To provide robust and efficient seismic isolators to the
engineering community, numerous novel techniques are
introduced by various researchers. Attary et al. [2] tested
an innovative technique that offered negative stiffness
instrumented in a 1/4-scale bridge model through shaking-
table experiments. Positive and negative stiffness, different
values of damping, as well as boundary conditions were
considered in the evaluation. Wei et al. [3,4] tried to
enhance the isolation of a rolling isolator by introducing a
conical concavity. Numerical results showed that the cone-
type concavity could not only attenuate earthquake input
energy, but also improve the seismic isolation of the
structural response. Chen et al. [5] evaluated the seismic
isolation of a three-story office building using five different
isolators. They found that all the isolators performed well
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by limiting the financial losses. For mitigating resonant-
like response of isolated structure during long-period near-
fault earthquakes, Cheng and Chao [6] proposed a new
type of isolator called variable-frequency rocking bearing
(VFRB). Shaking-table tests were conducted with various
controlling parameters. The results showed that this
isolator had good isolation performance. Guay and
Bouaanani [7] did a comprehensive research on assessment
of low temperature for design and evaluation of elasto-
meric bridge bearings and seismic isolators in Canada, and
the introduced method and results could form efficient
ways to determine site-specific temperature conditions for
performance-based design and evaluation of bridges in
Canada. For seismic isolation of near-fault earthquakes,
Ismail et al. [8,9] introduced the roll-in-cage (RNC)
isolator. The RNC isolator had a built-in energy-absorbing
buffer to constrain the lateral drift under great earthquakes,
as well as linear self-centering mechanism. Numerical
simulation of multistory building isolated by the isolator
was investigated, and the results showed that the RNC
isolator was a beneficial technique for seismic isolation in
near-fault earthquakes. To use semi-active isolation with
variable stiffness, Lin et al. [10] developed a smart
isolation system that combined the leverage-type stiff-
ness-controllable isolation system (LSCIS) with a simple
fuzzy logic control (FLC). Shaking table experiments well
demonstrated the proposed method. Lu et al. [11] proposed
a SIVC isolator with variable frequency and tested it via
shaking-table experiments. Results showed that the
isolator had variable stiffness that can enable structures
to shun resonance during near-fault earthquakes. It was
also shown that the proposed SIVC could efficiently
reduce isolator lateral displacement in a near-fault earth-
quake. For alleviating resonance of the structure during
near-fault earthquakes, Lu and Hsu [12] introduced
VFRBs. This isolator had an axially symmetric rocking
surface with variable curvature. Shaking-table experiments
were conducted on a full-scale frame isolated by these
isolators. Results showed that the prototype bearings
exhibited the desired variable frequency that could
effectively suppress the excessive isolator drift while
maintaining good seismic isolation during a near-fault
shaking. To bring a cost-effective and efficient seismic
isolation to the developing countries, Tsang [13] intro-
duced the Geotechnical Seismic Isolation (GSI) system.
Numerical simulation showed that this GSI system
exhibited a good seismic isolation performance. This GSI
system could not only bring a promising isolation tool to
the developing countries, but also consume a large number
of wasted tires, which was quite eco-friendly. This study
was further extended by numerical study [14] and
experimental investigation [15]. More details can be
found in Refs. [16-23].

While conventional isolators may function well during
far-field earthquakes, the situation may be otherwise
during near-fault earthquakes. Compared with far-field
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earthquakes, near-fault earthquakes have some different
characteristics, such as energy-rich concentration in low-
frequency band, larger vertical acceleration amplitude,
velocity and displacement pulse. These features may bring
detrimental effect to the conventional isolators. First, since
the isolator has a fixed frequency, it may arouse resonance
between the building and the input excitation. Secondly,
the large vertical acceleration amplitude may overturn the
superstructure. Thirdly, the velocity and displacement
pulse may damage the isolator if the lateral drift limitation
is small. Siringoringo and Fujino [24] reported that the
dynamic response of an isolated building was greatly
magnified due to resonant effect with input seismic
excitation in the 2011 Great East Japan (Tohoku) Earth-
quake. Also, Heaton et al. [25] expressed the same concern
when he simulated the response of high-rise and base-
isolated buildings to a hypothetical Mw 7.0 blind thrust
earthquake.

This research mainly focuses on a series of comprehen-
sive parametric studies conducted on a steel-frame
structure FE model with the Multangular-Pyramid Con-
cave Friction System (MPCFS). This new introduced
MPCEFS system has some distinctive features, such as
increased uplift stability, improved self-centering capacity,
non-resonance when subjected to near-fault earthquakes,
and so on. More details can be found in Refs. [26,27]

The design of the MPCEFS is presented in Fig. 1. The
uplift restraint is shown in Fig. 2. As shown, the MPCFS is
composed of three parts: rotation, upper part, and pure
multangular-pyramid concave. The rotation accommo-
dates the rotation and inclination of the superstructure. The
design lateral displacement is restrained by the uplift
restraint. Combined with the uplift restraint, the MPCFS
can provide good seismic isolation to the superstructure.
More details can be found in Refs. [24,25].

The specially designed Rotation part can accommodate
the rocking and rotation of the superstructure. As shown in
Fig. 1(d), The Rotation part can rotate 360°, which can
satisfy the rotation movement of the building. Further,
according to Fig. 1(c), the Rotation part can accommodate
the rocking movement of the building to the inclination
angle 30°, which is quite sufficient for the building to have
rocking response. The clearance (less than 3 cm) between
the two interlocked U shape beams of the uplift restraint
apparatus can ensure the uplift stability of the isolator.

Compared with conventional seismic isolators, MPCFS
has the following distinct novelties.

1) Variable frequency. MPCFS has no fixed frequency/
fundamental period, that can enable it to avoid resonance-
like phenomenon when subjected to near-fault, pulse-like
earthquakes.

2) Slider-free design. Conventional CSSs need a slider to
interconnect the isolator upper part and the concavity. In
some extreme earthquakes, the slider might break away
from the concavity of the isolator upper part, leading to
entire system failure. In the design of MPCFS, no slider is
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Fig. 1 The design of the MPCFS. (a) Cross-section view of the MPCFS; (b) perspective view of the MPCFS; (c) rotation part of the

MPCES; (d) perspective view of the MPCFS.

Fig. 2 Uplift restraint.

needed, and the isolator upper part is directly put on the
pyramid concavity.

3) More environmental durable. The sliding area of the
upper part and the concave are in full contact, thus
preventing rust and dust on the sliding concave surface.
The material of MPCFS is mostly stainless steel, which has
good environmental durability.

4) Greater initial stiffness. MPCFS has greater threshold
stiffness, therefore it can be more fixed and provide better
comfortability when the building experiences micro to
small ambient vibrations such as traffic or subway loads
and small earthquake shakings.

5) Better restoring capacity. When the parameters are
judiciously tuned, MPCFS can always restore to its central
point no matter the earthquake is. The friction coefficient
of low friction FPS can be as small as 0.0215, therefore the

restoring force is still greater than the friction force, thus
enabling zero residual displacement after earthquakes.

6) Rotation Accommodation. The rotation part of
MPCFS can accommodate the rotation and rocking
movement of the superstructure.

7) Uplift Restraint. The vertical and lateral displace-
ments can be at the same time restrained by the uplift
restraint. This can significantly reduce potential building
overturning failure. Larger isolator displacements can be
limited by this uplift restraint.

The seismic isolation of the MPCFS is evaluated in the
parametric study. The authors have no intention to claim
that this MPCFS would replace the existing well-
established and matured isolation techniques, rather it is
a beneficial complementary to these excellent tools to
make structures much safer during earthquakes.
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The research is 4-fold:

1) the design of the MPCEFS is first introduced,

2) FE model of the MPCFS and its verification by
theoretical results are then presented;

3) further, numerical simulation of a steel-frame struc-
tural FE model with MPCFS is conducted, and parametric
study is carried out;

4) last, research limitations are discussed, and conclu-
sions are made.

2 Theoretical analysis

In this section, the force-displacement relation for
theoretical analysis of the MPCFS is deduced. In the
CFS model illustrated in Fig. 3, O denotes the original
center, 6 is the inclination angle, u, is the restoring force,
and uyis the frictional force. As shown, when the structural
weight P is imposed on the concavity of the isolator, the
force will be perpendicular to the sliding surface N and
friction force wuy. Because the structure is retained
orthogonally against the sliding surface, the force
equilibrium should be satisfied, i.e., the summation of
the forces should be zero. In contrast, the friction force u¢
would be generated along with the direction of the sliding
face. When the seismic force overcomes the friction force,
the isolator will slide. Therefore, the movement in the
sliding surface can be expressed as

ZF“ =0: Pcosf + Usinf—N = 0, @)

ZFt = ma, : Psinf—Ucosf + Fy = 0, 2)

where P denotes the structural weight, U is the total shear
force, and a is the structural acceleration. The above two
equations yield

F
U = Ptanf) + ——, 3)
cost
N = P(cosf + tanftand) + Fytan6, 4)

the friction force F;is dependent on the slide mode of the
isolator, i.e., stick or slip mode. If we further assume that
the isolator is in slip mode, then the following can be
obtained:
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. N4 1
7 = sgn(¥)uN = sgn(x) <0059 (1 Man9> ) Q)
where x is the slipping velocity of the isolator and sgn(x) is
the sign of x. By substituting Eq. (5) into Eq. (3), the total
shear force can be expressed as

(6)

1 + tan’0
U:PtanG—i—sgn()'c),LLP( + tan >,

1 — ptand

from Eq. (6), the total shear force U of the isolator in slip
mode can be divided into two parts: the restoring force u,
and the friction force uy. The terms tan’d and utan@ are
small when the inclination angle @ is small, i.e., cosf~1.
Thus, Eq. (6) can be approximated and reduced as

U = u, + uy = Ptanf + sgn(x)uP, @)

Equation (7) illustrates that the restoring force U is
calculated as the structural weight P times the tangent of
the inclination angle tan, whereas the friction force in slip
mode u; is the structural weight times the friction
coefficient g

3 FE numerical modeling of the MPCFS
3.1 Establishment of the 3D model

In this section, FE numerical modeling is applied to the
MPCEFS, and FE software ABAQUS® is used in the
process. Three-direction numerical model of the MPCEFS is
established and its lateral displacement, damping ratio,
energy dissipation, as well as self-centering capacity are
analyzed in the numerical process.

The main contents and the aims of this section are:

1) to establish a 3D FE model of the MPCFS and verify
it by the results obtained by theoretical analysis;

2) to establish the MPCFS model with different
controlling parameters, in order to assess its dynamic
response as well as influence of these parameters on the
isolator’s behavior;

3) to guide the MPCFS optimal design.

The FE model of the MPCEFS is shown in Fig. 4.

After simplification analysis on the FE model of the
MPCFS, nonconforming element (C3D8]I) is found to be
capable of meeting the precision requirement of this study.

P

Fig. 3 Theoretical analysis model for MPCFS.
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Fig. 4 Three-dimensional FE model of the MPCFS. (a) Perspective view of the MPCFS; (b) 3/4 view of the MPCFS; (c) cross-section

view of the MPCFS.

The meshing of the MPCFS FE modeling is shown in
Fig. 5.

Fig. 5 Meshing of the MPCFS FE model.

3.2 Materials

Only stainless steel is used in the model, therefore standard
metal plastic model (incorporated in the ABAQUS
program [28]) is used for force-displacement relation of
the stainless steel. This metal plastic model is isotropic,
and its parameters are shown in Table 1. The density of the
steel is 7.85 g/cm?®, Young’s modulus 2.0x 10" Pa, and
Posson’s ratio 0.3.

Table 1 Input parameters of the stainless metal

yielding stress plastic strain
2.3527 0.00000
2.4440 0.03803
3.0740 0.05678
3.4560 0.07528
4.0680 0.12024
4.5980 0.18839
0.7352 0.28637

3.3 Boundary conditions and loading

Only X-direction movement of the isolator is considered.
There are three stages in the simulation. First, vertical load

is imposed on the upper part of the MPCFS, to ensure the
contact area is fully in touch; second, a sinusoidal
displacement is subjected to the isolator upper part,
while maintaining the vertical load unchanged; third,
after the sinusoidal displacement, let the isolator upper part
slip back to its original center-point. The vertical load is
designated to 10, 20, 30, and 40 kN. The sinusoidal
displacement accords to S = Asin(2=nff), in which 4 is the
amplitude, which accords to 116.7, 233.3, 350 mm (1/3,
2/3, and one of the design displacement tolerance), f'= 0.5
Hz. The loading history and the layout of the MPCEFS is
presented in Figs. 6 and 7.

4 FE model verification by theoretical
analysis

The results by the FE modeling and that obtained by
theoretical analysis are compared with verify the proposed
MPCFS FE model. The controlling parameters that affect
the seismic isolation of the MPCFS are evaluated in this
section.

4.1 Effect of lateral displacement of the MPCFS on the
force-displacement loop

Figure 8 presents lateral displacement on the force-
displacement relation and its energy dissipation from
FEM numerical simulation. From Fig. 8, when inclination
angle of the pyramid concave 6= 3°, friction coefficient u
= 0.025, and structural weight W = 40 kN, the stiffness of
the MPCFS decreases linearly with the displacement
increase. And the enveloped area of the loop, which
associates with isolator’s dissipating energy, increases
linearly with the displacement increase. From energy
dissipation, it can be seen that, the damping is not changed
when displacement increases. And, the isolator’s dissipat-
ing energy increases linearly with the increasing of the
displacement.

According to Table 2, the difference between the FE
model result and that obtained by theoretical analysis is
quite small, which verifies the established FE model of the
MPCEFS.
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Table 2 Difference of displacement change between FE model and the theoretical analysis (unit: mm)

item value

lateral displacement= 116.66 lateral displacement= 233.33 lateral displacement = 350
FE model result 468.06 936.13 1404.2
theoretical result 466.02 932.05 1398.08
difference 0.44% 0.44% 0.44%

4.2 Effect of inclination angle of the MPCFS concavity on
the force-displacement loop

From Fig. 9, when x4 = 0.025, W= 10 kN, and D=
0.35 m, the stiffness of the MPCFS increases with
the inclination angle increase. And the enveloped area
of the loop is not changed with the inclination angle
increase. From energy dissipation, it can be seen that,
the damping decreases with inclination angle increase.
And, the isolator’s dissipating energy is not changed with
the increasing of the inclination angle.

According to Table 3, the result difference between FE
model and theoretical analysis increases with the increas-
ing inclination angle of the MPCFS concavity.

4.3 Effect of friction coefficient of the contact area on the
force-displacement loop

From Fig. 10, when W= 10 kN, D=0.35 m, and 6= 3°, the
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initial yielding stiffness of the MPCFS increases with the
friction coefficient increase. And the enveloped area of the
loop increases with the friction coefficient increase. From
energy dissipation, it can be seen that, the damping
increases with friction coefficient increase. And, the
isolator’s dissipating energy increases linearly with the
increasing of the friction coefficient. However, it can be
seen that, the increase trend of the damping becomes
slower when the friction coefficient increases.

According to Table 4, the result difference when friction
coefficient varies is small and stable.

4.4 Effect of vertical load on the force-displacement loop

From Fig. 11, when D= 0.35m, #=3°, and = 0.025, the
stiffness of the MPCFS increases with the vertical load
increase. And the enveloped area of the loop increases
linearly with the increase of vertical load. From energy
dissipation, it can be seen that, the damping is not changed

0.30 ) 500
—e— damping ]
[ —=— energy (kN-mm) | J 450
025 :
1400 2
] £
E Z
0.20 - [ 5 = —a —4350 =<
\ : o)
1 20
i J300 £
0.15 ]
4250
0.10 L [ L Lo L L 1200
1.5 2.0 25 3.0 35 4.0 45
angle
(b)

Fig. 9 Inclination angle on the force-displacement relation and its energy dissipation. (a) Force-displacement relation; (b) energy

dissipation.

Table 3 Difference of damping and dissipated energy caused by inclination angle change between FE model and the theoretical analysis

(unit: kKN-mm)

item

value

inclination angle = 2

inclination angle = 3 inclination angle = 4

FE model result 350.7
theoretical result 349.78
difference 0.29%

3514 352.8
349.520 349.14
0.54% 1.05%
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Fig. 10 Friction coefficient on the force-displacement relation and its energy dissipation. (a) Force-displacement relation; (b) energy dissipation.

Table 4 Difference of friction coefficient change between FE model and the theoretical analysis (unit: kKN -mm)

item

value

friction coefficient

friction coefficient

friction coefficient friction coefficient friction coefficient

=0.01 =0.025 =0.05 =0.075 =0.1
FE model result 140.49 351.47 702.87 1054.34 1405.81
theoretical result 139.80 349.52 699.04 1048.56 1398.08
difference 0.49% 0.56% 0.55% 0.55% 0.55%
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Fig. 11 Vertical load on the force-displacement relation and its energy dissipation. (a) Force-displacement relation; (b) energy dissipation.

with friction coefficient increase. And the isolator’s
dissipating energy increases linearly with the increasing
of the friction coefficient.

According to Table 5, the result difference between FE
model and theory is quite small and getting smaller when
the vertical load increases.

4.5 Comparison between FE model and theoretical analysis

The MPCFS exhibits good energy-dissipating capacity
when subjected to sinusoidal inputs, and its stiffness/
frequency is variable. This can allow MPCFS to shun
resonance during long-period earthquakes. The isolation
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Table 5 Difference of vertical load change between FE model and the theoretical analysis (unit: kN-mm)

item

value

vertical load= 10

vertical load = 20

vertical load = 30 vertical load = 40

FE model result 351.47 702.31 1053.22 1404.06
theoretical result 349.52 699.04 1048.56 1398.08
difference 0.55% 0.47% 0.44% 0.43%

performance of the MPCFS is affected by a bunch of
controlling parameters such as lateral displacement,
inclination angle, vertical load, and friction coefficient.
There exhibits good agreement between result obtained
from FE model and that from theoretical analysis, which
verifies the accuracy of the FE model.

5 Dynamic response of the building FE
model with MPCFS

5.1 Structural model assumption

In this section, numerical simulation of the dynamic
response of a building model with MPCFS incorporating
the above FE model is carried out. In the simulation, the
following assumptions are introduced:

1) the column is fastened on the upper part of the
MPCEFS, i.e., the stiffness there is infinite;

2) the mass of every floor is concentrated on the mass
point;

3) the mass of MPCFS is not considered in the
simulation;

4) the foundation is fastened with the lower part
(concavity) of the MPCEFS, i.e., the stiffness there is infinite;

5) the friction coefficient is fixed to a constant value,
i.e., Coulomb’s rule is applied;

6) the dynamic and static friction coefficients are all set
constant;

7) only X-direction earthquake input is considered.

(2

5.2 Establishment of the structural model

ABAQUS® is used to establish the FE model of the
structure with MPCFS installed. The superstructure is a
five-floor, one-bay, one-span steel frame, and the height of
each floor is 3.5 m. Its width and length accords to 10 m.
The beam, column, and plate are modeled using C3D8R
element. Steel type Q235 is used in the structure, and its
elastic modulus accords to 2.1 x 10" Pa, Poisson’s ratio
0.3, density 7850 kg/m’. Foundation deformation is not
considered in the simulation. For fixed-base (FB) struc-
tures, it is assumed that the column is fastened on the
foundation, and no small-slip is allowed. The model of the
MPCES is presented in Fig. 12.

5.3 Input earthquakes

Three different earthquakes, namely Northridge 1994,
Kobe 1995, and Duzce 1999, are chosen for the seismic
input. All the earthquake inputs are downloaded from
PEER NGA database. In these earthquakes, Northridge
and Kobe represent near-fault earthquakes, whereas Duzce
represents far-field earthquake. Their waveform and Four-
ier transform spectra are given in Fig. 13.

As shown, the energy-rich bands of the Kobe and
Northridge spectra are well below 1 Hz, whereas the
energy-rich band of Duzce is greater than 1 Hz. If the fixed
period of the conventional isolated building falls in the
energy-concentrated spectrum range of a long-period
earthquake, then resonance would inevitably arouse. In

(mise

(b)

Fig. 12 The numerical structural model without and with MPCFS. (a) Fixed-base (FB) model; (b) model with MPCES.
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Fig. 13  Earthquake inputs and their Fourier Amplitude. (a) Duzce; (b) Duzce Fourier Amplitude; (c) Kobe; (d) Kobe Fourier Amplitude;

(e) Northridge; (f) Northridge Fourier Amplitude.

contrast, the MPCFS with variable frequency can enable
the structure to shun resonant-like effect during near-fault
excitations.

5.4 Numerical evaluation of the seismic isolation of the
MPCFS

The numerical simulation of the above structure with and
without MPCEFS is presented in Figs. 13 and 14. The first
letter of the figure label represents earthquake input, i.e., D
represents Duzce, K Kobe, and N Northridge. The second
letter represents the inclination angle or fixed-base (FB),
i.e., 2 represents 2 degrees, 3 represents 3 degrees, 4

represents 4 degrees, and K represents FB. The third letter
represents structural floor, i.e., 0 represents isolation floor,
1 represents the first floor, 3 represents the third floor, and 5
represents the fifth floor (roof).

From Figs. 14 and 15, the roof acceleration and
displacement of the structure with MPCEFS is attenuated
significantly compared with FB. From Tables 6 and 7, the
roof acceleration or displacement amplitude of the
structure with MPCFS is reduced by 70%—90% compared
with FB. This testifies the significant seismic isolation of
the MPCFS.

The MPCFS exhibits significant seismic isolation in
reducing the acceleration and displacement of the
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Table 6 Floor acceleration amplitude comparison (unit: g), reduction = MPCFS/FB, 1= 0.025

earthquake input isolation foundation ground floor first floor third floor fifth floor (roof)
Duzce FB 0.34 1.43 2.25 3.13
MPCFS 0.28 0.40 0.56
Reduction 19.58% 17.78% 17.89%
Kobe FB 0.61 1.72 2.21 2.84
MPCFS 0.53 0.59 0.77
Reduction 30.81% 26.70% 27.11%
Northridge FB 0.61 1.31 2.385 3.29
MPCFS 0.39 0.53 0.71
Reduction 29.77% 22.22% 21.58%
Table 7 Floor inter-story drift amplitude comparison (unit: mm), reduction = MPCFS/FB, u = 0.025
earthquake input isolation foundation first floor third floor fifth floor (roof)
Duzce FB 7.27 23.63 35.65
MPCFS 0.90 3.08 5.33
Reduction 12.38% 13.03% 14.95%
Kobe FB 9.21 36.14 49.92
MPCFS 1.92 5.11 8.13
Reduction 20.85% 14.14% 16.29%
Northridge FB 11.56 45.37 65.00
MPCFS 1.40 5.04 7.15
Reduction 12.11% 11.11% 11.00%
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structure. The first-floor acceleration of the structure with
MPCEFS is decreased by 80% compared with FB, and the
fifth-floor (roof) acceleration is decreased by 83%
compared with FB. Also the inter-story drift of the
structure is greatly decreased by MPCFS (reduction by
over 80% in three earthquakes).

6 Parametric study of the structural FE
model

6.1 Parametric cases

For better understanding the dynamic response of the
MPCEFS, parametric study is carried out on the above steel-
frame model. Four different controlling parameters, i.e.,
the isolation foundation, inclination angle, friction coeffi-
cient, and seismic input are chosen. The parametric cases
are presented in Table 8. Inclination angle 6 greater than 4°
will lead to much detrimental effect of seismic isolation
and not considered in the parametric study.

Table 8 Parametric cases

isolation inclination friction earthquake

foundation angle coefficient input

FB, MPCFS 2°, 3°, 4° 0.01, 0.025, Duzce, Kobe,
0.05, 0.07 Northridge
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6.2 Result comparison of the parametric study

Table 9 gives the acceleration amplitude comparison under
different parametric cases. As shown, the acceleration
amplitude increases with the increasing friction coefficient.
When the inclination angle enlarges, the difference
becomes smaller.

Table 10 gives roof inter-story drift amplitude compar-
ison under different parametric cases. As shown, the roof
inter-story drift amplitude increases with increasing
friction coefficient. When inclination angle enlarges, the
difference becomes greater.

In actual engineering application, more decrease in the
friction coefficient and inclination angle means better
seismic isolation. However, excessive decrease in these
two parameters would result in a larger lateral displace-
ment of the MPCFS upper part. Therefore, optimal design
of the MPCFS parameters should be conducted.

7 Research Limitations

The above numerical simulation has evidently testified the
good seismic isolation of the MPCFS. The result obtained
herein can also guide future optimal parameter design of
the MPCFS. However, some aspects are not included in
this study and needs more investigation. These aspects are
but not limited to.

1) Full-scale shaking-table tests. These tests can
eloquently verify the seismic isolation performance of
the MPCFS.

Table 9 Acceleration amplitude comparison under different parametric cases (unit: g)

inclination angle  friction coefficient earthquake input ground floor isolation floor first floor third floor fifth floor
2 0.01 Duzce 0.34 0.35 0.25 0.32 0.30
Kobe 0.61 0.61 0.363 0.51 0.47
Northridge 0.61 0.33 0.30 0.36 0.34
0.025 Duzce 0.34 0.48 0.23 0.29 0.42
Kobe 0.61 0.54 0.49 0.59 0.62
Northridge 0.60 0.61 0.39 0.47 0.55
3 0.025 Duzce 0.34 0.42 0.28 0.40 0.56
Kobe 0.61 0.72 0.53 0.59 0.77
Northridge 0.61 0.70 0.39 0.53 0.71
0.05 Duzce 0.34 0.35 0.39 0.55 0.69
Kobe 0.61 0.70 0.73 0.80 1.04
Northridge 0.60 0.88 0.47 0.66 0.81
4 0.025 Duzce 0.34 0.24 0.38 0.54 0.78
Kobe 0.61 0.49 0.61 0.71 0.90
Northridge 0.61 0.697 0.65 0.81 1.02
0.07 Duzce 0.34 0.35 0.52 0.64 0.81
Kobe 0.61 0.60 0.84 0.87 0.94
Northridge 0.60 0.64 0.73 1.02 1.02
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Table 10 Roof inter-story drift amplitude comparison under different parametric cases (unit: mm)

inclination angle  friction coefficient earthquake input ground floor isolation floor first floor third floor fifth floor
2 0.01 Duzce 43.08 111.97 0.55 2.34 3.575
Kobe 36.48 53.70 0.67 3.15 4.67
Northridge 55.39 111.69 0.52 2.26 3.24
0.025 Duzce 43.08 71.25 0.70 2.98 4.41
Kobe 36.48 46.56 0.92 4.08 6.28
Northridge 55.39 91.97 0.68 2.80 3.88
3 0.025 Duzce 43.10 50.70 0.90 3.08 5.33
Kobe 36.48 50.00 1.92 5.11 8.13
Northridge 55.39 70.39 1.40 5.04 7.15
0.05 Duzce 43.08 27.37 1.23 4.83 7.96
Kobe 36.48 39.44 1.57 8.27 10.41
Northridge 55.39 57.26 1.45 7.06 11.19
4 0.025 Duzce 43.05 63.02 1.21 5.15 6.91
Kobe 36.48 49.48 1.51 7.25 10.52
Northridge 55.38 70.97 1.46 5.79 8.40
0.07 Duzce 43.08 73.63 5.04 12.96 17.02
Kobe 36.48 44.81 2.09 7.44 11.94
Northridge 55.39 54.15 1.69 8.23 12.68

2) Prototype tests. Some prototype cyclic loading tests
are needed to extract more meaningful results.

3) Multiple excitations. In this study, only one-direction
(X) shaking is considered. More directions of excitation
need to be considered in future studies.

4) Varied friction coefficient. Here only Coulomb’s law,
that is, a constant value of friction coefficient is considered.
In future research variable friction coefficient needs to be
added into consideration.

8 Conclusions

In this study, a MPCFS FE model is established and
verified by comparing the result with that obtained by
theoretical analysis. The MPCFS FE model is then
incorporated in a steel-frame structural FE model, which
is subjected to three chosen earthquakes, to testify its
seismic isolation. Further, a series of comprehensive
parametric study is conducted on the structural model
with MPCFS to extract more detailed results. This verified
MPCFS FE model can be incorporated to future FEM
analysis. By these obtained results, the following conclu-
sions can be made.

1) The good agreement between cyclic loading results
obtained by the established FE model of the MPCFS and
that of theoretical analysis indicate that the MPCFS FE
model can satisfactorily meet the requirements of precision
and accuracy in numerical simulations.

2) A variety of controlling parameters, i.e., lateral
displacement of the isolator upper part, the inclination

angle of the concavity, friction coefficient, vertical load,
and the earthquake input, may significantly affect the
seismic isolation of the MPCFS.

3) The MPCFS has a good stability when subjected to
ambient to small vibrations, i.e., small earthquakes, wind
loads, and traffic loads.

4) The MPCFS exhibits good seismic isolation in the FE
numerical simulation. The structural acceleration and inter-
story drift are decreased by 80%—-90% of the MPCFS
compared with FB in the three selected earthquakes
(Section 6.4).

In summary, the MPCFS, viewed as a beneficial
complementary to the well-established and matured
seismic isolation tools, may be a promising technique for
protection of structures in long-period, near-fault earth-
quake prone zones. In future study, we would use the phase
field model (PFM) so that the gradually evolving failure
surface and damage region in the steel frame of MPCFS
can be quantified numerically [29-33]. That is, the fracture
behavior of MPCFs can be easily considered.
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