Protective Systems for Bridges: Sliding
Seismic Isolation Systems

by Michael Constantinou

Ahstract

A significant number of bridges are seismically
isolated throughout the world. Applications of
bridge seismic isolation systems in the U.S. have
been primarily with lead-rubber bearings, and a
few with sliding bearings. Currently in the U.S,,
about 60 isolated bridges with a total deck length
exceeding 12 km, have either been completed
or are in the construction or design
stage. Japan recently moved towards
a cautious implementation of mod-
ern isolation systems 1n bridges, hav-

fying and/or adapting existing technology. Par-
ticular emphasis was given to the adaptation and
use of aerospace and military hardware Further-
more, the project included the study of estab-
lished shiding isolation systems which have been

used in a number of other applications.
A 160 kN, quarter length scale bridge model
with flexible piers was used for the

. test program. The model could be
cellahnratlﬂn configured to resemble either a non-

isolated multiple-span bridge, or sin-

ing previously used an early form of  Michasl Constantinou gly-, two- and multiple-span isolated
a sliding bearing-viscous damper iso- University at Buffale bridges. Three isolation systems were
lation system in over 100 bridges of N tested. (a) systems consisting of flat
the Shinkansen. So far, the applica-  Shumji Fujii sliding bearings and restoring force
tion is restricted to primarily longi-  Susumu Okamete devices in the form of rubber springs
tudinal isolation using elastomeric  Daisuku Ozaki with fluid dampers or fluid restoring
systems. Taisei Corporation force/damping devices, (b) spheri-

Despite the wide implementa- cally shaped (friction pendulum sys-
tion of sliding isolation systems in Bouglas P'_Ta"" tem) sliding bearings; and (<) lubri-
bridges, their evaluation has been  aylor Devices cated sliding bearings with yielding
largely based on component testing Vieto steel dampers.

. ) r layas

and analysis, without large scale , All systems were configured for
shake table testing having been con- Earthquake Protection areas of strong seismic loading such
ducted. Furthermore, a number of Systems, Inc. as California and Japan, and all were
shding isolation systems have been Agestino Marioni characterized by significant energy
implemented in buildings but not Alga S.p.A. absorption capability. However, the

evaluated for bridge applications,
while other systems have been pro-
posed but not experimentally evaluated.

In 1991, NCEER and Taisei Corporation be-
gan a collaborative research program on the ex-
perimental study of advanced sliding seismic iso-
lation systems for bridges. The project had the
objectives of producing and experimentally veri-
fying a class of shiding isolation systems by modi-

design criteria were different in the

three basic types. In systems type (),
the design criteria were to reduce the transmis-
sion of force to the bridge substructure while re-
stricting bearing displacements to less than 200
mm (8 in) in prototype scale In systems type (b)
and (), the design criteria were to minimize the
transmission of force to the bridge substructure
without restricting the bearing displacements
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Objectives and Approach

The primary ohjective of this project
was to produce and experimentally verify a
class of bridge sliding seismic isolation
systems by modifying and/or adapting ex-
isting technology. The second objective was
to experimentally study established isola-
tion systems which have not been previ-
ously tested on shake tahles within a bridge
structure. The third objective was to de-
velop mathematical models for these isola-
tion systems, compare experimental and
analytical results and develop design aids
for these systems.

This research task is part of NCEER's
Bridge Project (now the Highway Project].
Task numbers are 90-2101 and 91-5411B.

Bridge Model and Isolation Systems

The bridge model is shown in Figure 1. At
quarter length scale, it had a clear span of 4.8 m
(15.7 feet), height of 2.53 m (8.3 feet) and total
weight of 160.8 kN (36 kips). The deck itself
weighed 143 kN (32 kips). Each pier consisted
of two steel square tube columns with the top
made of a channel section. The columns trans-
ferred the gravity load to the overhangs of the
concrete extension of the shake table at a point
located 0.57 m (1.87 feet) beyond the edge of
the table. This resulted in significant vertical
motion of the two overhangs, which increased
the severity of testing.

In its non-isolated configuration, with the
deck pinned to the flexible piers, the bridge had
a fundamental period of 0.26 seconds (or 0.52
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M Figure 1
View of Bridge Model on Shake Table

seconds in prototype scale) and damping ratio in
the range of 0.04 to 0.08 of critical. The damping
was the result of hysteretic action, not in the col-
umns of the model, but in the overhangs of the
concrete extension. Thus, while the columns
remained elastic, the pier system displayed real-
istic hysteretic action.

A total of 25 isolation system and bridge con-
figurations were tested. Representative results
for three of these configurations are presented in
this paper. All three systems had both piers flex-
ible as shown in figure 1. The isolation systems
were:

(a) A system consisting of four flat sliding bear-
ings (unfilled PTFE-stainless steel interface) with
coefficient of friction at high velocity of sliding
f__=0.150.Restoring force was developed by two
rubber springs, each of which provided an effec-
tive stiffness 112.3 kN/m (0.64 kip/inches) at dis-
placement of 35 mm (1.38 inches). Beyond this
displacement, the devices exhibited increased
stiffness and acted as displacement restrainers.
They had a maximum displacement capacity of
50 mm (2 inches). The effective period of the
isolation system at displacements below the limit
of 35 mm (1.38 inches) was 1.60 seconds (or 3.20
seconds in prototype scale). Figure 2 shows the
construction of the sliding bearings and rubber
springs.
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Construction ef Sliding Bearing and Rubber Spring

(b)In a number of tests. isolation system (a) was
enhanced by four linear viscous fluid dampers
with displacement capacity of 50 mm (2 inches)
and combined constant equal to 61.7 kN-s/m
(0.352 kip-s/inch). The dampers provided a damp-
ing ratio to the isolation
system of nearly 54% of

locity, which was conservatively estimated to be
0 06 x 143 kN = 8.58 kN. This would completely
eliminate permanent displacements, and indeed
the experiments confirmed the design. Moreover,
the mild stiffness and biased damping force (more

on loading than on un-

loading) of the device re-

critical at the tempera- e "“‘"’“’“’\ L Tl e i 51 sulted in a nearly con-
ture of 25°C. stant force output with

. T :QI{.“S\[ S iﬁ/ _ increasing displacement.
(C)A svstem consisting : i ‘\$/ ,

of the same four sliding o e The fluid devices
bearings and two fluid re- ML INOER \ / \\ used in the tests origi-
QLEVIS NUT: QVER CENTEA PINS. CYLINDER SLEEVE COMPRE.

storing force/damping
devices. The construction

spoesgieee | nated in applications of
the U.S military. The fluid

and typical force-displace-
ment characteristics of
one of these devices are
shown in figure 3. It mav | _
be observed that the de- 2 o -
vice exhibits preload g

(Fo), that is a constant re-
storing force. This o
preload was selected to

viscous dampers were
based on a design ongi-
nally developed for a clas-
sified application on the
U.S.Air Force B-2 Stealth
Bomber. Other applica-
tions include the Toma-
hawk mussile, the Space
Shuttle, U.S. Navy taunch

be equal to 9.5 kN (for DSPACEMENT () gantries and more re-

two devices) that is -
slightly more than the W Figure 3

friction force at zero ve- 0 .
Typical Force-Displacement Loop

Construction of Fluid Restoring Force/Damping Device and

cently the seismic isola-
tion system of the San
Bernardino County Medi-
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cal Center in California. Devices with output
force of over 2000 kN and stroke of £610 mm
have been produced.

The fluid restoring force/damping devices
have been developed for use on the arresting hook
of carrier based aircraft and for weapons grade
shock isolation svstems for the MX missile and
the Seawolf submarine. Output force ranges for
these applications are between 1 and 1500 kN.

Experimental Results

A total of 643 earthquake simulation tests
were performed using 24 recorded and artificial
earthquakes. Only a small portion of the obtained
results is presented herein. The presentation is
restricted to results obtained with the 1940 El
Centro Earthquake, component SOOE and artifi-
cial motions compatible with Japanese Level 2
bridge design spectra and the California Depart-
ment of Transportation 0.6g deep alluvium bridge
design spectra (designated as CalTrans A2 mo-
tion). Tests were conducted within and without
the vertical ground component. The effect of
vertical component was found to be small and it
is not further discussed herein. The interested
reader is referred to the reports and papers in
the list of publications for a detailed presentation.

The response spectra of the Japanese Level 2
bridge design motions are shown in figure 4. The
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Lomparison of Response of Isolated Bridge with Sliding
Bearing and Rubber Spring System to Response of Non-
Isolated Bridge

difficulties in achieving effective seismic isolation
for these motions are apparent. For example, the
spectrum for Ground Condition 3 (deep cohesion-
less soil) extends to a period of two seconds with
a spectral value of 1g. To obtain effective isola-
tion, it is required that the period is shifted to a
value beyond three seconds, which for typical
light weight bridges is only possible with sliding
systems.

The effectiveness of the system with sliding
bearings and rubber springs in the strong CalTrans
0.6g deep alluvium motion is demonstrated in the
results of figure 5. The isolated bridge sustains
the full motion with bearing displacements be-
low 50 mm (or 200 mm in prototype scale), while
transmitting a force to the substructure about
equal to 30 percent of the deck’s weight. The
same level force and deformation has been mea-
sured in the piers of the non-isolated bridge when
subjected to only 1/5 of the full motion.



36

b osvstEMTI NG 2
T% 1 WITHOUT FLUIO DAMPERS
i

02 -

IS0OL $YS FORCE / WEIGHT
o
°
1

PIEA SHEAR FORCE 7/ WE IGHT
o
a
p

oS J

6 40 2 80

L] 0 0 -+ a -
SW BEARING DISPLACEMENT {mm) FIEA DEFQRMATHOM (mm)

0B r ™
[wpzeer

YSTEM T1-Ng 2 "
ITH FLUIO DAMPERS -+

30

U P
PIER SHEAR FORCE / WEIGHT
4 o o
L=
— = ——————

PR

a4
r
az -

00 -

02 -

08 -

ISOL SYS FORCE { WEIGHT

[
A s‘ﬂ? -0 2 0 2 49 &0
SW BEARING DISPLACEMENT (mm)

- o 4
PIEA DEFGAMATION (mm)

SYSTEM T1 Mo 2 )
ge | ATn Pl SAMPERS -

“[- /
t

a L] .
PIER DEFORMATION (mem)

ISCL SYS FOACE / WEIGHT
& o o
&2z

3 %)
s} -

PIER SHEAR FORCE / WEIGHT
o o
22

-} s L] 2 L]
SW BEAAING DISPLACEMENT {mm)

= £ oos
g .
< & |_ SYSTEM TT No 2
E Z Ut " WITHFLUD DAMPEAS *
z 3 ozl :
g & ool
5 8 oo
w x
n < Q-
a 2
[ 2 4
g z T |
w ]
R T a— % 4 mwa U0y . [ + [}
SW BEARING DISPLACEMENT {mm) P{ER DEFQRMATION (mm)
M Figure 6

Response of Isolated Bridge (Sliding Bearing-Rubber Spring
System} Without Fluid Dampers in Japanese Level 2, §.C. 1
Motion (top figures] and With Fluid Dampers in All Grouad
Conditions of Japanese Level 2 Motions

The same 1solation system did not behave in
a satisfactory manner in the Japanese Level 2 mo-
tions The top two figures of figure 6 show the
recorded response of the system in the Ground
Condition 1 (that is, stiff soil or rock) motion.
Bearing displacement demand exceeded the ca-
pacity of 50 mm and large forces, of about 50
percent of the deck’s weight, were transmitted
to the substructure.

However, when fluid viscous dampers were
added to the isolation system, the bearing dis-
placement was restricted to 40 mm (or 160 mm
in prototype scale). Moreover, these enhanced

systems sustained all Japanese Level 2 motions
(for soil conditions ranging from rock to deep
cohesionless soil) while showing a remarkable
insensitivity to the details of the input motions.
Bearing displacements were at about 40 mm and
forces transmitted to the substructure were at 30
percent of the deck’s weight (see figure 6). This
system fulfilled the design requirements by main-
taining displacements within the limit of 200 mm
in prototype scale and substructure forces at the
mimmum design level specified for bridges in ja-
pan (30% of weight).

The two tested systems utilized high friction
bearings and were, thus, susceptible to the de-
velopment of permanent bearing displacements.
These permanent displacements were measured
in each test and found to be noncumulative and
not exceeding 35 mm in prototype scale. Com-
plete elimination of permanent displacements
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Respense of isoiated Bridge with Fluid Restoring Force/
Damping Devices in Selected Earthquakes
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was accomplished with the third svstem, in which
fluid restoring torce/damping devices were uti-
lized. Figure 7 shows the response of the iso-
fated bridge in terms of bearing displacement his-
tory and isolation system force-bearing displace-
ment loop in two tests. Evidently, permanent
displacements are complietely suppressed. The
figure also shows analytical results which are in
good agreement with the experimental results.

Gonclusion

NCEER and Taisei Corporation co-sponsored
research that resulted in the development of
bridge seismic isolation systems capable of re-
stricting bearing displacements to within 200 mm
and substructure forces at or less than 30 per-
cent of carried weight in areas of strong seismic
activity, such as Japan and California, and all soil
conditions. Key elements in these systems have
been devices adopted from military applications.
Moreover, isolation systems have been studied
which can produce greater isolation effects at the
expense of much larger bearing displacements.
Finally, the research exposed problems in some
systems, such as large permanent displacement.

Personnel and Institutions

Professor Michael Constantinou of the Uni-
versity at Buffalo was the primary collaborator
for NCEER. Dr. Shunji Fujii, Susumu Okamoto
and Daisuku Ozaki werc the primary collabora-
tors for Taisei Corporation. who participated in
the research effort over a two year stay at the Uni-
versity of Buffalo.,

Other collaborators from NCEER were gradu-
ate students P Tsopelas and ¥-S. Kim. Moreover,
Douglas P. Taylor of Taylor Decvices, North
Tonawanda, New York; Dr. Victor Zayas of Earth-
quake Protection Systems, San Francisco, Califor-
nia; and Agostino Marioni of Alga, S.p.A. Ttaly col-
laborated on the design and manufacture of iso-
lation hardware.
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