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Abstract: - The use of base isolation in developed countries has been recognized as a very effective
method for upgrading the seismic resistance of the structures. The reduction in earthquake forces on a
structure is achieved by adding horizontal soft isolation elements between the superstructure and the
foundation. The efficiency of the isolator in reducing the seismic energy imparted to a structure is
dependent on the flexibility of the supporting soil. The effects of radiation damping and the flexibility of
the soil media are the deciding factors for structural design against earthquakes. In order to upgrade the
seismic resistibility of structures and enhance the functionality of an isolator, a new base isolator called
the multiple friction pendulum system (MFPS) is proposed in this study.
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1. INTRODUCTION

In order to upgrade the seismic resistibility of
structures and the functionality of an isolator, a new
base isolator called the MFPS is proposed in this
study. The proposed MFPS isolator is composed of a
trench concave surface and several intermediate
sliding plates in two orthogonal directions. The
MFPS isolator can provide different natural periods,
displacement capacities and damping effects in any
two independent directions. The natural period and
damping effect for a MFPS isolator changes
continually during earthquakes. The MTPS isolator
can isolate most of the earthquake induced energy
and provide good protection for structures from
earthquake damage.

As shown in Fig. 1, the MFPS consists of three
spherical concave surfaces and a special articulated
slider which can be another sliding surface.

Intermediate =liding plates
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Ry, b 2rd sliding interface

2nd slidinginterface

1st sliding interface

Figure 1. Cross section of Multiple Friction Pendulum
System

Based on this design, the displacement capacity
is much better then the FPS isolator with a single
sliding surface. Moreover, the fundamental
frequency is lower than that of the FPS due to the
series connection of the doubled sliding surfaces, so
the proposed device can be given as a more effective
tool to reduce the seismic response of structures
even subjected to the earthquakes with long
predominant periods The MFPS is more than one
friction pendulum system connected in series in each
orthogonal direction. The capacity of the friction
coefficient, displacement and radius of curvature of
each trench concave surface or intermediate sliding
plate in each direction can be different. The damping
effect and the natural period of the MFPS isolator
with several intermediate sliding plates it changes
continually during an earthquake and so a large
number of possibilities of combinations are available
for engineering designs.

2. MATHEMATICAL CHARACTERISTICS
OF THE MFPS ELEMENTS

Base isolation is a promising technique for
controlling the seismic response of structures during
earthquake motions. In order to find the
mathematical formulations of the MFPS isolator we
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consider the motion of the sliding interfaces acting
on an X direction and we derived the formula as
follows:
- the radii curvature of the first and second
sliding interfaces are Ry, R,and Rs;
- the displacement capacity of the two
sliding interfaces are vy, v, respectively vs;
- the friction coefficients of the three sliding

interfaces are 4, 1, respectively u;

- u; is the displacement on the i-th sliding
interface for the X direction;

- F is the mobilized force;

- N; is the normal force to the i-th sliding

interface;

- Fs is the frictional force in the tangential
direction;

- G is the vertical force resulting from the
superstructure;

- 6, is the rotation angle on the i-th

interface relative to the vertical direction.

The motion of MFPS isolator takes place in five

steps:

- the articulated slider starts to slide on the
third sliding interface;

- the sliding motion on the third sliding
interface will stop, and the second sliding
interface will start sliding;

- the sliding motion on the second sliding
interface stops and the first sliding
interface starts sliding;

- when contact is made with the
displacement restrainer on the first sliding
interface, the sliding motion on the first
sliding interface stops and the sliding of
the second sliding interface is restarted;

- when contact is made with the
displacement  restrainer on  sliding
interface, the sliding motion on the second
sliding interface stops and the sliding of
the third sliding interface is restarted.

A. First faze

In this step the articulated slider starts to slide

on the third sliding interface  when

Fio<=F <F,.
We start from the assumption that:

R, >R, >Ry
p > 1ty > g and vy > (g - )R

The motion in this case is outlined in Figure 2.

3rd sliding interface

[

Figure 2 Diagram of MFPS during the slide for stage A

Starting from the equation of equilibrium for a
direction X and neglecting the frictional forces (Ff)
the governing equation in the horizontal direction
and for vertical direction are given by equation (1)
respectively (2):

F-Njsing, -F;;cos6, =0 (1)

G-Njcos#, +F;sind; =0 (2)

By substituting N; from equation (2) into
equation (1) we obtain:
_ G+ Fyysind,
~ cosb,

3)

N

and if the displacements are small, equation (3)
can be written:

. G
F=Gsin0; +Fi3=—Uu; + F,

4

3 @)
The total displacement in the first case is:

u=u, +u, +u; =0+0+u, (5)

. u .
Because sind, =R—3equat|0n (4) can also be
3

written as:

G
F :R—U+Ff3

(6)
3
The diagram of the total displacement when the
sliding takes place on the second surface was
developed by C. S. Tsai, and Yung-Chang Lin:
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Figure 3. Force-displacement relationship of the MFPS
isolator for case A

B. Second faze

In the second case F=Ff2 , the sliding on the
third sliding interface stops and the second slide
interface will start to slide and so the force that is
acting on this conditions is given by equation (7) and
the transition that occur at displacement is given by
equation (8):

G
F:R_SU+Ff3:Ff2 (7)
* R
u :(Ff1+Ff2)_2:(ﬂ1+ﬂz)Rz (8)

G

For the second case the motion of the MFPS is
outlined in Fig 4.

Hz"ﬂg N

Figure 4. Diagram of MFPS during the slide for stage B

The governing equation for the horizontal and
vertical direction is given by:

Ff3
F= Gtan(@z +93)+m ©
sin(H2 +93) Fis
= G Y \ + ya \
005(92 +93) 005(92 +93)
The total displacement in this case
isu=0+u, +u;and u, is given by:
R R
u; = (F ',UzG‘)_2 = (F - Ffz)_2 (10)

G G

The diagram for this case was also developed by
C. S. Tsai, and Yung-Chang Lin:

Sliding B
FpSF <Fy,

Mobilized force, FF

Total Displacement, u

Figure 5. Force-displacement relationship of the MFPS
isolator for case B

C. Third faze

The third step takes place when F=Ff1, and the
sliding motion on the second sliding interface stops
and the first sliding interface starts sliding.

The third step of the MFPS motion is presented
in the Figure below:

—

Figure 6. Diagram of MFPS during the slide for stage C
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The mobilized force in this case occurs at the
displacement:

ut = F _Ffz(Rz_R3)+Ff3R3 &
" R, G (11)
= (lul - /Jz)Rz + (/uz — H3 )Ra
And has the mathematical form:
G F..\R, -R,J+F,.R
flz_U+ f2( 2 3) f3''3 (12)

R, R,

When Ffl<=F the force on the first interface is:

G
F =R—ul +F, (13)
1
The governing equation for the horizontal
direction is expressed in equation (14) and for the
vertical direction in equation (15):

F-N,sinlo, +0,)-F,,coslo, +6,)=0  (14)

G-N,coslg, +6,)+F,,sino,+6,)=0 (15)

The solution to the equation (14) and (15) is:

u u
F=Gsinlo, +0,)+F,, =G ot +F, (16)
1 2

From equation (16) we can find the governing
equation on the third interface in the horizontal and
vertical direction (17):

F-N,sinlg, +6, +6,)-F,, coslo, +6, +6,)=0 (17)

For small displacements we use the follow
equations:

R
Us = (Ffl FfS)EB = (ﬂz -,u3)R3 (18)
u, = (ﬂl ‘#Z)Rz (19)

Combining equations (13), (18) and (19) results:

F=E(u+u +u )+F
R 2 3 f1l

! 20
Eu N Ffl(Rl 'Rz)"' FfZ(RZ 'R3)+ FisRs ()

Ry Ry

The diagram for this case was also developed by

C.S. Tsai, and Yung-Chang Lin:

Sliding €

F, <F <F,,

Mobilized force, F

Total Disphllcement, u

Figure 7. Force-displacement relationship of the MFPS
isolator for case C

D. Fourth faze

This faze takes place when is made contact with
the displacement restrainer on the first interface. In
this case the motion on the first interface stops and
restarts the motion on the second interface. The
displacement on the first interface, uy, is equal to v,
and the mobilized force, Fd; , under such conditions
is given by:

G
= R_Vl +Fey
1
After the contact, the mobilized force on the
second sliding interface is obtained using equation
(21).
The mobilized force on the third sliding
interface is given by:

F=G| L4tz +F;,
R R, R,

Fi (21)

(22)

which leads to the formula of the displacement
for the third interface:

Ry

G (Ffz - Ff3)= (/12 -,u3)R3 (23)

Us =

The total displacement is u=u;+u,+us, Uy=U-V;-
us, therefore:

F =£(u—u1—u3)+Gﬁ+ Fi,
RZ Rl

G y (24)

:R_[u_vl_(,uz _ﬂ3)R3]+GEl+ Feo

2 1

The diagram for this stage is shown in Figure 8.
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Sliding D
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Total Displacement, u

Figure 8. Force-displacement relationship of the MFPS
isolator for case D

E. Fifth faze

For this faze the sliding motion on the second
sliding interface stops and the sliding of the third
sliding interface is restarted. The displacement on
the first sliding interface, ul, is equal to v1, and the
displacement on the second sliding interface, u2, is
equal to v2. and so the mobilized force is expressed
as:

i V2
Rl R2

By back-substituting equation (25) into equation
(24), we obtain the transition displacement in total,
uv2 , as follows:

F.=G +F, (25)

Uy =V TV + (ﬂz 'ﬂs)Rs (26)
In this case the mobilized force is equal to
equation (c)
The diagram for this stage is shown in Figure 9.

Sliding E

Mbobilized force, F

Total Displacement, u

Figure 9. Force-displacement relationship of the MFPS
isolator for case E

By observing the mobilized force and the
displacement for each case, results some regularities:

“Ri>R,>Ry>.......>R>...>R,;
:u1>:u2>:u3> """" >:uj> >:un
-V 2 (:ui—l 'ﬂi)Ri

When the sliding motion occurs on the j-th
sliding interface without contacting the displacement
restrainer, the first to the (j-1)-th sliding interfaces
remain standing still without any movement. The
(j+1)-th sliding interface to the n-th sliding
interfaces have already stopped, and the
displacement in each sliding interface is expressed
as:

When I<=i<j, ui=0; and

When j<i<=n, u; = i, -1, )R

And the mobilized force is:

G
F :E[u—ul—uz—...—uH—uJ.+1—...—un]+Ffj (27)

J

When contact is made with the displacement
restrainer on the sliding interface j-1, the
displacement capacities are reached from the first to
the (j-1)-the sliding interfaces. The sliding motion
occurs on the j-th sliding interface, and the
displacement in each sliding interface is expressed
as:

When I<=i<j, ui=vi;
When (j+1)<=i<=n, u; = (u, - ;R
And the mobilized force can be expressed as:

F ZRE(U—U. —Uy—..—U;, —u —---‘“n)FfJ (28)

i

j j+

To obtain the mathematical formulation in the Y
direction can be obtain by following the same
procedure as those presented so far. This means that
by neglecting frictional forces from the walls of the
intermediate sliding plates, the proposed MTFPS
isolator with multiple intermediate sliding plates will
move independently in two orthogonal directions.
Accordingly, the natural period and damping effect
of the isolator in each direction will change at
various stages during earthquakes.
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C. S. Tsai, Tsu-Cheng Chiang, Bo-Jen Chen
made tests for building with and without MFPS and
end up to the result that are shown in Figure 10.

25

15t
05+
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Acceleration

Time

------- without MFPS

With MFPS

Figure 10. Response of o model structure with and
without base isolation

3. CONCLUSIONS

Seismic isolators are structural joints that are
installed between a structure and its support
columns. The flexibility to select any isolator period
makes the approach suitable for a wide range of
applications. It is simple in design but with many
properties and it have been uses in some of the
world’s largest seismically isolated buildings and
industrial tanks.

This system provides large flexibility of serving
different designing requirements for engineers and
by moving the MFPS isolator independently in two
orthogonal directions can provide different natural
periods, displacement capacities, and damping
effects in each direction. The natural period and
damping effect of the MFPS isolator with multiple
intermediate sliding plates can change continually
during earthquakes. This might avoid the possibility
of resonance induced by the ground motions.

The purpose is to minimize damage caused by
high level of forces developed during earthquakes.
The objective of this study was to model the concept
of base isolation systems and verify the reduction in
lateral response due to a seismic event.

The authors acknowledge the support of the
Managing Authority for Sectoral Operational
Programme for Human Resources Development
POSDRU for creating the possibility to perform
these researches by Grant POS DRU Burse
Doctorale ID 5159.

REFERENCES

[1]. Murat Eroz, Advanced models for sliding seismic isolation
and applications for typical multi-span highway bridges,
Georgia Institute of Technology, December 2007

[2]. Casarotti C., Bridge isolation and dissipation devices:
state of the art review in bridge isolation, structural seismic
response and modeling of modern seismic isolation and
dissipation devices, ROSE School, 2004

[3]. Touaillon J. Improvement in Buildings. United States
Patent  Office, Letters Patent No. 99,973, February 15,
1870.

[4]. Hyakuda T, Saito K, Matsushita T, Tanaka N, Yoneki S,
Yasuda M, Miyazaki M, Suzuki A, Sawada T. The
structural design and earthquake observation of a seismic
isolation building using Friction Pendulum system.

[5]. Tsai CS, Chiang TC, Chen BJ. Shaking table tests of a full
scale steel structure isolated with MFPS. Proceedings,

[6]. Constantinou MC. Friction Pendulum double concave
bearing. NEES Report, available at: http://nees.buffalo.

[7]. edu/docs/dec304/FP-DC%20Report-DEMO.pdf, 2004

[8]. Skinner, R.l., Robinson, W.H., McVerry, G.H., An
introduction to seismic isolation, John Wiley & Sons, New
York, 1993

[9]. C. S. Tsai “Nonlinear Stress Analysis Techniques-NSAT”,
Department of Civil Engineering, Feng Chia University,
Taichung, Taiwan, R. O .C.

[10]. R. S. Jangid and J. M. Kelly, “Base lIsolation for Near-
Fault Motions”, Earthquake Engineering and Structural
Dynamics.

RJAV vol Vlll issue 1/2011

46 ISSN 1584-7284



