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Seismic Behavior of the Friction Pendulum System
in Bridge Seismic Isolation
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ABSTRACT

This paper summarizes a study on the application of the friction pendulum system in bridge seismic isolation. Shaking
table fests have been carried out on a mode! structure isolated with F.P.S and the obtfained sfructural responses are
compared to those of non-isolated. It can be concluded the F.P.S increcses the earthquake resistance capacity of the
isolated structure. It is dlso found that the stiffness of bearing, being controlied by the radius of curvature of the
spherical sliding interface. is unaffected by the amplitude of the input excitation. Furthermore, the coefficient of sliding
friction is velocity dependent so that in weak excitation the sliding velocity is low and, accordingly, the mobilized
friction force is less than the one mabilized in strong excitation. Also, the frictional properties of the bearings remcin
markedly stable ofter extensive festing, and the permanent displacements are small and not cumuliative in successive

earthquakes.
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1. Introduction into three groups as seismic isolation,

passive energy dissipation, and semi-active

New and innovative concepts of structural and active control. These groups can be

protection have been advanced and are at

various stages of development. Modern
structural protective systems can be divided
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distinguished by examining the approaches
employed to manage the energy associated
with ftransient environmental events. Among
the structural protective systems, the technique

of seismic isolation is now widely used in
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many parts of the world. A seismic isolation
system is typically placed at the foundation
of a structure. By means of its flexibility
and energy absorption capability, the isolation
system partially reflects and partially absorbs
some of the earthquake input energy before
this energy can be transmitted to the
structure. The net effect is a reduction of
energy dissipation demand on the structural
system, resulting in an increase in its
survivability." Several parameters have to be
considered carefully in the choice of an
isolation system, in addition to its general
ability of shifting the vibration period and
adding damping to the structure, such as:
@ deformability under frequent quasistatic
load, @ yielding force and displacement, @
ultimate and postultimate behavior, @
capacity for self-centering after deformation,
and & vertical stiffness. The concept of
sliding bearings has been combined with
the concept of a pendulum-type response,
obtaining a conceptually interesting seismic
isolation system as a friction pendulum
system (F.P.S). The system is not necessarily
self-centering, since the friction force could
be in equilibrium with the horizontal
component of the weight, but it is very
easily recentered after a seismic event. The
range of vertical load capacity, stiffness to
lateral force, and period of vibration are of
the same order of magnitude as those of
lead-rubber bearings of similar size.

2. Friction Pendulum Seismic
Isolation System

A cross section of a FPS is shown in
Fig. 1. The bearing consists of a spherical
sliding surface and an articulated slider

which is faced with a high pressure capacity
bearing material. The bearing is constructed
of steel with the articulated slider and the
spherical sliding surface made of stainless
steel such as highly polished austenitic, type
316 stainless steel. All sliding interfaces, that
is those of the articulated slider with the
spherical surface and the supporting column,
are faced with a high bearing capacity, self
lubricating, PTFE-based material. The material
is characterized by low friction, low wear
and marked insensitivity of its frictional
properties to significant temperature changes.
The motion of a structure supported by these
bearings is identical to that of pendulum
motion with the additional beneficial effect of
friction at the sliding interface. The F.P.S
bearing acts like a fuse which is activated
only when the earthquake forces overcome
the static value of friction. When set in
motion, the bearing develops a lateral force
equal to the combination of the mobilized
frictional force and the restoring force which
develops as a result of the induced rising of
the structure along the spherical surface.
This restoring force is proportional to the
displacement and the weight carried by the
bearing and is inversely proportional to the
radius of curvature of the spherical surface.
Accordingly, the system has the following
important properties: (D rigidity for forces
up to the static value of coefficient of friction
times the weight, @ lateral force which is
proportional to the weight carried by the
bearing. As a result of this significant
property the resultant lateral force develops at
the center of mass, thus eliminating
eccentricities, and (3 period of vibration in
the sliding mode which is independent of the
mass of the structure and related only to the
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Fig. 1

radius of curvature of the spherical surface.
In addition to the above mentioned
properties, the FPS has other properties
common to sliding isolation systems, like
low sensitivity to the frequency content of
excitation and high degree of stability.?®"®

3. Earthquake Simulation Test
3.1 Test structure

The shake table experiments were carried
out with a bridge model at quarter scale.
The bridge model was designed to have
flexible piers and it had a clear span of 4.8
m, height of 253 m and total weight of
157.8 kN. The deck consisted of two AISC
W14x90 sections which were transversely
connected by beams. Steel and lead blocks
were used to add mass as necessary for
similitude requirements bringing the model
deck weight to 140 kN. Each pier consisted
of two AISC TS 6x6x5/16 columns with a
top made of channel section which was

F.P.S bearing

detailed to have sufficient torsional rigidity.
The tube columns were connected to beams
which were bolted to concrete extension of
the shake table (Fig. 2).

The natural frequencies, damping ratios
and mode shapes of the model structure
were determined experimentally. The identifi-
cation tests were carried out on the shake
table using as input a 0-20 Hz banded
white noise of 0.03 ¢ peak acceleration. The
structural parameters were identified from
the absolute acceleration transfer functions of
each free standing pier and of the assembled
bridge model with all bearings fixed against
translational movement. Fundamental period
of free standing pier was equal to 0.096 sec
and that of non-isolated bridge in the
longitudinal direction was equal to 0.26 sec.
These quantities compare quite closely with
the design vaule of 01 and 025 sec,
respectively. Critical damping in the model
was estimated to be 0.015 for the free
standing piers and 0.02 for the entire model
in its non-isolated condition.

K2 Meg (& MeZE) 1998.6

=TT =FE 15



OFE TR AIARL X|TSHS0l 2fF 7S

2 AIsC
Wi4x90

140 KN DECK

-
esm T LTI 1 11

LI

8.9 KN PIER
N\
L
A
N

2.53m
1.40m
1.29m

7NN N
11

™~

v
\ BRACING LOCATION V4
\\/_ \/

u

FPS
BEARING

LOAD
CELL

2 AlsC
TS 6x6x5/16

0.60m

| 3.66m

les——— SHAKE TABLE w

TESTING
DIRECTIONS

4.80m

L ;

6.0m

Fig. 2 Test set-up of bridge model

3.2 Isolation system

The isolation system consisted of four
F.PS bearings which were located on top of
load cells. The bearings were installed with
the spherical surface facing down. The radius
of curvature of the spherical sliding surface
was R=5588 mm so that the period of
vibration of the isolation system was 1.5 sec.

T = 21 (—R—)”Z 8
g

The displacement capacity of the bearing
was 89 mm in all directions. Four different
materials were used at the sliding interface.
All four were self-lubricating PTFE-based
composites. The frictional properties of these
four materials in contact with polished
stainless steel were determined in identifi-
cation tests prior to and following the seismic

testing. The shake table was driven in

displacement controlled mode with specified
frequency and amplitude of harmonic motion.
The coefficient of friction was extracted from
recorded loops of force versus bearing
displacement during seismic testing. The
coefficient of friction follows the relation
proposed by Ref. 5.

H Ifmax—(fmaxwfmin)eXp(——au) (2)

where fur is the coefficient of friction at
high velocity of sliding, fu. is the coefficient
of fricion at essentially zero velocity of
sliding and a is a parameter controlling the
variation of the coefficient with velocity of
sliding. The experimental results agree well
with the predictions of the calibrated model

of Eq. (2).
3.3 Test program

Testing of the bridge model was performed
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in five different configurations.

(D The bearings were locked by side plates
to represent a non-isolated bridge. In this
configuration the structure was identified
in tests with banded white noise table
motion. Furthermore, a selected number
of seismic tests was conducted.

(@ Braces were installed to stiffen the piers
and the deck was connected by stiff
rods to a nearby reaction wall. In this
configuration, the shake table was
driven displacement-controlled mode
with specified frequency and amplitude
of harmonic motion. This motion was
nearly the motion experienced by the
FE.PS bearings. Loops of bearing horizontal
force versus bearing displacement were
recorded and wused to extract the
frictional properties of the F.P.S bearings.

@ Both piers were stiffened by braces so
that they represented stiff abutments. In
this configuration the model resembled a
single span isolated bridge.

@ The south location pier was stiffened by
braces so that it represented a stiff
abutment. In this configuration the model
resembled a two-span bridge with two
stiff abutments and a centrally located
flexible pier.

@

A configuration with two flexible piers
which resembled portion of a multiple
span bridge between expansion joints.

Earthquake simulation tests were performed
on the model bridge with only horizontal
input and with combined horizontal and
vertical input. The earthquake signals
consisted of historic earthquakes and artificial
motions. Each record was compressed in
time by factor of two to satisfy the

similitude requirements.

4. Earthquake Simulator Test
Results

4.1 Behavior of isolation system

Tests were conducted with four different
sliding interfaces at low and very high
bearing pressures. The four interfaces
exhibited simliar fricitonal behavior so that,
effectively, testing was conducted at two
levels of friction: (D at low level of friction
with f.,=0.058, and 2 at medium level of
fricion with f,=0.10 to 0.12. The isolation
system with low friction (,,=0.058) and
isolation period of 1.5 sec (3.0 sec in
prototype scale) is appropriate for application
in areas of moderate seismicity. Accordingly,
tests were primarily conducted with
moderate excitation. For such excitations it
would be expected that bearings displacments
be small and, thus, the developed restoring
forces would be insufficient to re-center the
isolated bridge. The ‘test results are
summarized in Table 1 where they are
compared to the results of the non-isolated
bridge. The latter results were either directly
obtained in tests or extrapolated from test
results of the non-isolated bridge by assuming
linear behavior. Evidently, the isolated bridge
performs  significantly ~ better than the
non-isolated bridge. Deck accelerations and
accordingly forces in the substructure are
lower by factors of the order of 4 to 6,
while bearing dispalcement are of the same
order or less than the deck to ground
displacement of the non-isolated bridge.
Furthermore, the permanent displacement in
the F.P.S bearings is very small and does
not accumulate with repeated testing.
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Table 1 Comparison of response of isolated (case of low friction} and non-isolated bridge
ISOLATED (fmax = 0.058) NON-ISOLATED
EXCITATION DECK PEAK PERM. DECK DISPL. OF
ACCEL. BEARING | BEARING ACCEL. DECK WR.T
{g) DISPL.(mm) | DISPL.(mm) (g TABLE(mm)
EL CENTRO SO00E 50% 0.082 56 17 0.500 98
EL CENTRO SOCE 100% 0.097 16.0 0.9 INELASTIC BEHAVIOR’
TAFT N21E 100% 0.081 35 05 0.333 ‘ 6.6
TAFT N21E 200% 0.094 15.3 0.5 INELASTIC BEHAVIOR’
TAFT N21E 300% 0.137 370 05 INELASTIC BEHAVIOR'
MIYAGIKENOKI E-W 130% 0.087 5.0 0.5 0.509 1.4
HACHINCHE N-S 100% 0.096 14.2 37 0.360 80

* EXTRAPOLATED FROM LOWER AMPLITUDE TESTS AND ASSUMING LINEAR BEHAVIOR WHEN

(PIER SHEAR FORCE)(AXIAL LOAD) IS LESS THAN OR EQUAL TO 05 .

The isolation system with medium level
fricion (fux=0.104, 0.120) is appropriate for
application in areas of strong seismicity.
Nevertheless, the system was found to be
effective at all levels of input excitation. This
is vividly illustrated in Fig. 3 where the pier
shear force of the isolated and non-isolated
bridge models is plotted against the peak
table acceleration for all conducted tests. In
contrast to the behavior of the non-isolated
bridge, the isolated one exhibits a response
which is nearly unaffected by the level of
input excitation. The pier shear force
between 0.IW and nearly 025W (W=axial

load carried by pier), while the table
acceleration varies between (.Ig and nearly
1.03. This demonstrates the significant

benefits offered by seismic isolation. The
stiffness, being controlled by the radius of
curvature of the spherical sliding interface, is
unaffected by the amplitude of motion.
Furthermore, the coefficient of sliding
friction is velocity dependent so that in
weak excitation the sliding velocity is low
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Fig. 3 Comparison of response of medium friciton
isolated bridge to response of non-isolated
bridge

and, accordingly, the mobilized friction force
is less than the one mobilized in strong
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excitation(Fig. 4). Fig. 5 provides evidence
for the performance of the medium friction
isolation system at low level excitation. The
figure compares the response of the isolated
bridge at low pressure with f.,x=0.104 to
that of the non-isolated bridge. The effecti-
veness of .the isolation system in weak
motion is clearly evident in the recorded
loops of pier shear force versus pier drift.
Shear force and drift in the piers of the
isolated bridge are approximately half of
those in the non-isolated bridge.

015
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Fig. 4 Coefficient of sliding friction as function of
bearing pressure and sliding velocity

4.2 System adequacy

The performance of isolation bearings is
assessed by testing as adequate if certain
conditions are satisfied. The AASHTO, 1991
requires that in over three cycles of testing
at five different amplitudes of displacement
(0.25, 050, 0.75, 1.00 and 1.25 times the total
design displacement) the effective stiffness
of the specimen differs by not more than
10 % from the average effective stiffness.
Furthermore, the AASHTO requires that in
tests with at least 10 cycles of motion at the
total design displacement, there is no greater
than 20 % change in either the effective
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Fig. 5 Comparison of response of isolated
bridge to response of non-isolated
bridge

stiffness or the effective damping between
the first and any subsequent cycles. In F.P.S
bearings the stiffness is entirely controlled
by the radius of curvature of the spherical
sliding surface. Thus, the stiffness can not
change with repeated testing. However, the
coefficient of friction may change and this
will affect both the effective stiffness and
the effective damping. Evidence for the
exceptional stability of the frictional properties
of the sliding interface in the tested F.PS

M2 M2z (S Me=) 1998.6

oIRIETES =RE 19



W0 HX|E OFE SRR AARS] X|TIEHS| o8t HSHF

bearings is provided in Fig. 6. The figure
shows recorded force-displacement loops of
bearings in identification tests using the
model. Five cycles of harmonic motion with
75 mm amplitude and 0.4 Hz frequency were
imposed. The peak velocity of sliding
exceeded 188 mmysec. One test was conducted
prior to the seismic testing and the other
identical test was conducted following
seismic tests. It may be observed that the
loops prior and following the seismic tests
are identical. The friction coefficient remained
unchanged after at least 30 cycles at
approximately the displacement capacity of
the bearings and over 100 cycles at lower
displacement.

NORTH-WEST BEARING

ol <|
00

01 _

02 | T

-100 -B0 -80 -40

40 60 LI 100

BEARING SHEAR / AXIAL LOAD

-20 o 20
BEARING DISP. {mm)

NORTH-EAST BEARING

BEARING SHEAR / AXIAL LOAD

-100 -30 -60 -40 40 60 80 100

-20 [ 20
BEARING DISP. {mm)

IDENTIFICATION TEST PRIOR TO SEISMIC TESTS
T T ™ ~ — IDENTIFICATION TEST AFTER 58 SEISMIC TESTS

Fig. 6 Recorded F.P.S bearing force—displacement
loops for five cycles of harmonic motion of
amplitude=75 mm, frequency=04 Hz and
pressure=17.2 MPa

4.3 Permanent displacements

Permanent displacements may develop in
all hysteretic isolation systems. The AASHTO
(AASHTO 1991) and UBC (ICBO 1991)"

specifications attempt to account for this
possibility by either specitying minimum
stiffness  requirements or by penalizing
systems which lack sufficient stiffness.
Particularly, the AASHTO specifications
require that the restoring force of an isolation
system at the design displacement, di, be at
least 0.025W (W=total seismic dead load)
greater than the restoring force at
displacement equal to d/2. Systems which
do not meet this criterion need to be
configured to accommodate displacements
equal to at least 3d. The assumption in
AASHTO is that systems which do not meet
the aforementioned criteria will have large
permanent displacements of (the order of dj)
which  will

earthquakes. Indeed, this may be the case in

accumulate in  successive
systems which completely lack restoring
force. The tested isolation system had a
force-displacement relation expressed by Eq.
(2). The force developed at displacement d;
is, thus, given by

F; =ﬁnax W+ {(dz VV)/R} (3)

The requirement of AASHTO
lateral restoring force is equivalent to

on the

(d/R)>0.05 @

For the tested F.P.S bearings, R=558.8 mm,
so that Eq. (4) is equivalent to d>27.9 mm.
Therefore according to AASHTO, it would
be expected that in the tests with peak
bearing displacement exceeding this limit,
the permanent displacements are small and
not cumulative. Indeed this has been the
case. An inspection of the test results reveals

that the permanent displacements were small
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and not cumulative. However, the same
behavior was also observed in tests with weak
excitation when the bearing displacements
were less than the limit of 27.9 mm. In nine
of the ten conducted tests, the bearing
displacements were less than this limit. Yet,
the permanent displacements were small and

not cumulative.

4.4 Effect of impact on the displacement
restrainer

In some tests with very strong excitation,
such as the Pacoima Dam S16E component,
or long period excitation, such as the
Mexico City(amplified to 20 %) excitation,
the bearing displacement demand exceeded
the bearing displacement capacity. The
displacement restrainer of the F.P.5 bearings
was engaged and prevented further
displacement at the expense of higher
accelerations in the superstructure and
higher forces in the substructure. Fig. 7
provides evidence to the effects of
engaging the restrainer in the tests with
Pacoima Dam S16E input. In this case the
impact at the engagement of the restrainer
is on an essentially rigid pier and the
result is an almost 50 % increase in deck
acceleration. Evidently, it is a prudent
design practice to design the F.P.S bearings
with sufficient displacement capacity to
prevent engagement of the restrainer.
Nevertheless, the engagement of the
displacement restrainer does not result in
response values which exceed the values of
the non-isolated bridge. An example is
provided in Fig. 8 which compares the
response of the isolated bridge to the
response of the non-isolated bridge model.

PACOIMA S16E
tmax = 12.0% 5-5 CASE
0.60 . . u 100
O —~— DECKACC, WMPACT ON RESTRANER
O — — TABLEDISPL. 3 <
045 |4 — — - BEAANGDISPL {7s

DECK ACC. {g}
DISPLACEMENT {mm)

01 02 03 04 05 08 07 08 08 10 1
TABLE ACC. (g}

Fig. 7 Response of isclated bridge model under
increasing earthquake intencity
(S-S case of stiff piers)
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o

Fig. 8 Comparison of response of isolated bridge
with engagement of displacement restrainer
to response of non-isolated bridge

5. Conclusions

Shake table tests have been performed to
evaluate the behavior of the Friction
Pendulum System installed in a bridge
model structure. The conditions of testing
allowed the study of a number of effects,
such as the pier flexibility, realistic energy
dissipation in  the piers, permanent
displacement and low amplitude excitation.

The results show that:

KMoz M2g (82 Mez) 1998.6

T=XIETHY =2E 21



W0 MA|E OFE CEIRE AARO) XEISHESY| of5 HEei+

@

©)

“)

The isolated bridge model performed
better than the non-isolated bridge in
weak seismic excitations. In these
motions with peak ground acceleration
of only about 0.1g, the piers of the
isolated bridge had less than half shear
force and drift than the piers of the

non-isolated bridge.

The medium friction isolation system
was designed for good performance in
strong seismic excitation. Indeed, the
test results demonstrated substantially
reductions of deck acceleration and pier
shear force and drift in comparison to
the response of a non-isolated compara-
ble bridge.

The frictional properties of the bearings
remained markedly stable after extensive
testing. Recorded loops of shear force
versus displacement of the F.P.S bearings
prior and following seismic tests were
identical.

Permanent displacements were found to
be very small and not cumulative in
successive earthquakes. This was true
even in weak excitation in which the
bearing displacements were not suffici-
ently large to mobilize strong restoring
force.

The engagement of the displacement
restrainer of the F.P.S bearings resulted in
considerable increase in the substructure
forces and displacements. Nevertheless,
these forces and displacements were
much less than those in the non-isolated
bridge.

References

Soong, T. T. and Dargush, G. T, Passive
Energy Dissipation  Systems in  Structural
Engineering, John Wiley & Sons, N.Y,,
1997.

. Mokha, A, Constantinou, M., and

Reinhorn, AM,,
aseismic  base
studies and mathematical modeling,” Report
No. NCEER-88-0038, National Center for
Earthquake Engineering Research, State
University of New York, Buffalo, N. Y,
1988.

Su, L, Ahmadi, G, and Tadjbakhsh, I,
“A comparative study of performance of

“Teflon bearings in

isolation.  experimental

various base isolation systems, part I:
shear beam structures,” Earthquake Engine-
ering and Structural Dynamics, 18(1), 1989,
pp. 11-32.

Mostaghel, N. and Khodaverdian, M.,
“Dynamics of resilient friction base
isolator (R-FBI),” Earthquake Engineering
and Structural Dynamics, 15(3), 1987, pp.
379-390.

Constantinou, M.C, Mokha, A. and
Reinhorn, AM., “Teflon bearings in base
isolation I: modeling,” J. Stuct. Engrg,
ASCE, 116(2), 1990, pp. 455-474.

. American Association of State Highway

Ofticials-AASHTO,
“Guide specifications for seismic isolation
design,” Washington, D. C,, 1991.

International ~ Conference of Building
Officials ICBO, “Uniform building code,
earthquake regulations for
isolated structure,” Whittier, Calif., 1991.

and Transportation

seismic-

22

C=TIEFTHS =22

Ko Moz (B MeS) 1998.6



