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PREFACE 

The National Center for Earthquake Engineering Research (NCEER) was established to expand and 
disseminate knowledge about earthquakes, improve earthquake-resistant design, and implement 
seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis is on 
structures in the eastern and central United States and lifelines throughout the country that are found 
in zones oflow, moderate, and high seismicity. 

NCEER's research and implementation plan in years six through ten (1991-1996) comprises four 
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to 
support projects in the Applied Research area. Element II, Applied Research, is the major focus of 
work for years six through ten. Element III, Demonstration Projects, have been planned to support 
Applied Research projects, and will be either case studies or regional studies. Element IV, 
Implementation, will result from activity in the four Applied Research projects, and from Demonstra
tion Projects. 

ELEMENT I 
BASIC RESEARCH 

• Seismic hazard and 
ground motion 

• Soils and geotechnical 
engineering 

• Structures and systems 

• Risk and reliability 

• Protective and intelligent 
systems 

• Societal and economic 
studies 

ELEMENT II 
APPLIED RESEARCH 

• The Building Project 

• The Nonstructural 
Components Project 

• The Lifelines Project 

The Bridge Project 

ELEMENT III 
DEMONSTRATION PROJECTS 

Case Studies 
• Active and hybrid control 
• Hospital and data processing 

facilities 
• Short and medium span bridges 
• Water supply systems in 

Memphis and San Francisco 
Regional Studies 

• New York City 
• Mississippi Valley 
• San Francisco Bay Area 

ELEMENT IV 
IMPLEMENTATION 

• Conferences/Workshops 
• EducationlTraining courses 
• Publications 
• Public Awareness 

Research tasks in the Bridge Project expand current work in the retrofit of existing bridges and 
develop basic seismic design criteria for eastern bridges in low-to-moderate risk zones. This research 
parallels an extensive multi-year research program on the evaluation of gravity-load design concrete 
buildings. Specifically, tasks are being performed to: 
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1. Determine the seismic vulnerability of bridge structures in regions of low-to-medium 
seismicity, and in particular of those bridges in the eastern and central United States. 

2. Develop concepts for retrofitting vulnerable bridge systems, particularly for typical bridges 
found in the eastern and central United States. 

3. Develop improved design and evaluation methodologies for bridges, with particular emphasis 
on soil-structure mechanics and its influence on bridge response. 

4. Review seismic design criteria for new bridges in the eastern and central United States. 

The end product of the Bridge Project will be a collection of design manuals, pre-standards and 
design aids which will focus on typical eastern and central United States highway bridges. Work begun 
in the Bridge Project has now been incorporated into the Highway Project. 

The protective and intelligent systems program constitutes one ofthe important areas of research 
in the Bridge Project. Current tasks include the following: 

1. Evaluate the performance offull-scale active bracing and active mass dampers already in place 
in terms of performance, power requirements, maintenance, reliability and cost. 

2. Compare passive and active control strategies in terms of structural type, degree of 
effectiveness, cost and long-term reliability. 

3. Perform fundamental studies of hybrid control. 
4. Develop and test hybrid control systems. 

This report describes the results of an experimental study of the behavior of the Friction Pendulum 
System (FPS) in bridge seismic isolation. Earthquake simulator tests have been performed on a 
model bridge structure both isolated with Friction Pendulum System bearings and non-isolated The 
experimental results demonstrate a marked increase of the capacity of the isolated bridge to 
withstand earthquake forces under all conditions. Analytical techniques are used to predict the 
dynamic response of the system and the obtained results are in very good agreement with the 
experimental results. 
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ABSTRACT 

This report describes the results of an experimental study of the behavior of the Friction 

Pendulum System (FPS) in bridge seismic isolation. Earthquake simulator tests have been 

performed on a model bridge structure both isolated with Friction Pendulum System 

bearings and non-isolated. The experimental results demonstrate a marked increase of the 

capacity of the isolated bridge to withstand earthquake forces under all conditions. 

Analytical techniques are used to predict the dynamic response of the system and the 

obtained results are in very good agreement with the experimental results. 
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SECTION 1 

INTRODUCTION 

Seismic isolation systems are typified by the use of either elastomeric or sliding bearings. 

Elastomeric isolation systems have been used in the seismic isolation of buildings in 

Japan and the United States (Buckle 1990, Soong 1992, Kelly 1993). Several other 

countries, such as New Zealand and Italy among others, have a number of applications 

of elastomeric isolation systems in buildings (Buckle 1990, Martelli 1993). 

Sliding isolation systems in buildings have been widely used in the former Soviet Union, 

where over 200 buildings are now seismically isolated (Constantinou 1991a, Eisenberg 

1992). In Japan, Taisei Corporation constructed three buildings on the TASS sliding 

isolation system (Kawamura 1988, Constantinou 1991a). In the United States, sliding 

isolation systems have recently been selected for the retrofit of three buildings (Soong 

1992, Kelly 1993). In particular, spherical sliding or FPS bearings (Zayas 1987, Mokha 

1990b and 1991) have been selected for the retrofit of the U.S. Court of Appeals building 

in San Francisco. This historic structure with a floor area of 31500m2, will be, when 

completed, the largest base-isolated structure in the U.S. and one of the largest in the 

world (Soong 1992). 

For the first time in the U.S., the isolation system selection for U.S. Court of Appeals was 

based on technical rating and competitive bidding of elastomeric and sliding isolation 

systems. Interestingly, the FPS isolation system received the highest technical rating and 

had the least cost (Palfalvi 1993). This represents a turning point for the implementation 

of seismic isolation in the U.S. Sliding isolation systems are now regarded as technically 

equivalent and potentially less expensive than elastomeric isolation systems. 

Seismic isolation of bridge structures has been widely implemented in New Zealand and 

Italy (Buckle 1990, Medeot 1991, Martelli 1993). While in New Zealand the application 
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is exclusively with elastomeric systems, in Italy the application is primarily with sliding 

systems. Over 150 km of isolated bridge deck in Italy is supported by sliding bearings 

together with various forms of restoring force and energy dissipation devices (Medeot 

1991, Constantinou 1991a). 

Japan has over 100 concrete railway bridges of the Shinkansen supported by sliding 

bearings together with viscous fluid devices, called the KP-stoppers, for restricting 

displacements within acceptable limits (Buckle 1990, Constantinou 1991a). This system 

is regarded as an early form of sliding isolation system. 

More recently, Japan moved towards a cautious implementation of modern selSffilC 

isolation systems in bridges. So far, the application is restricted to only longitudinal 

isolation using elastomeric systems (Kawashima 1991). 

The application of seismic isolation to bridges in the U.S. followed an interesting 

development. Until 1989, only six bridges were isolated, of which five were retrofit 

projects in California and one was a new construction in Illinois (Buckle 1990). While 

the 1989 Lorna Prieta earthquake resulted in an accelerated implementation of seismic 

isolation systems to bUildings, this has not been the case in bridges. Rather, we observe 

a renewed interest and new applications of bridge seismic isolation following the 

development of specifications for seismic isolation design (ICBO 1991, AASHTO 1991) 

and the adoption of seismic design guidelines for bridges in the entire U.S. The lack of 

. specifications for the design of seismic isolated structures was regarded as an impediment 

to the application of the technology (Mayes 1990). Today, 57 bridges of total deck length 

exceeding 11 km are open to traffic, in the construction process or the design process in 

the U.S. Interestingly, the majority of these bridges are located in the Eastern United 

States. 

While seismic isolation systems found application to over 200 bridges, large scale testing 

of bridge isolation systems has been so far limited to three studies which concentrated on 
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elastomeric systems (Kelly 1986, Kawashima 1991) and one specific sliding system 

(Constantinou 1991a and 1992a). All three studies were restricted to models with rigid 

piers or abutments and rigid decks. The effects of pier flexibility, pier strength, deck 

flexibility and distribution of isolation elements could not be studied in these experimental 

programs. Rather, these effects were studied by analytical techniques and found to be 

significant (Constantinou 1991a, Kartoum 1992). 

The study reported herein concentrates on the Friction Pendulum (or FPS) sliding 

isolation system. It was carried out as part of the NCEER-Taisei Corporation research 

project on bridge seismic isolation systems. The study includes a comprehensive testing 

program utilizing a flexible pier bridge model. 

1-3 





SECTION 2 

NCEER-TAISEI CORPORATION RESEARCH PROJECT 

ON BRIDGE SLIDING SEISMIC ISOLATION SYSTEMS 

In 1991, the National Center for Earthquake Engineering Research and Taisei Corporation 

began a collaborative research project on the development and verification of advanced 

sliding seismic isolation systems for bridges (Constantinou 1992b). The project included 

also the study of established sliding isolation systems such as the Friction Pendulum (or 

FPS) system (Zayas 1987, Mokha 1990b and 1991) and the lubricated sliding 

bearing/hysteretic steel damper system used in a large number of bridges in Italy (Medeot 

1991, Marioni 1991). 

The project had two portions: one concentrated on active systems and was carried out at 

Taisei Corporation and Princeton University, and the other concentrated on passive 

systems and was carried out at the University at Buffalo and Taisei Corporation. The 

BuffalolTaisei portion of the project had the objective of producing a class of advanced 

passive sliding seismic isolation systems by modifying and/or adapting existing 

technology. Particular emphasis has been given to the adaptation and use of aerospace 

and military hardware in either the form of restoring force and damping devices or in the 

form of high performance composite materials in the construction of sliding bearings. 

The following systems were experimentally studied: 

(1) Flat sliding bearings consisting of PTFE or PTFE-based composites in contact with 

polished stainless steel (coefficient of sliding friction at high velocity of sliding 

in the range of 0.07 to 0.15) and in combination with 

(a) Rubber restoring force devices, 

(b) Rubber restoring force devices and fluid viscous dampers, 

(c) Wire rope restoring force devices, and 

(d) Fluid restoring force/damping devices. 

(2) Spherically shaped FPS sliding bearings. 
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(3) Flat lubricated PTFE-stainless steel sliding bearings in combination with yielding 

E-shaped mild steel devices. 

This report contains the results of the experimental study, interpretation of the results and 

analytical modeling of the Friction Pendulum (or FPS) isolation system. 
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SECTION 3 

FRICTION PENDULUM (or FPS) SEISMIC ISOLATION SYSTEM 

The principles of operation of the FPS bearing have been established by Zayas, 1987 and 

Mokha 1990b and 1991. Herein, we restate these principles and provide a complete 

description of the behavior of the bearing which is valid at large displacements. 

3.1 Principles of Operation and Mathematical Modeling 

A cross section view of an FPS is shown in Figure 3-1. The bearing consists of a 

spherical sliding surface and an articulated slider which is faced with a high pressure 

capacity bearing material. The bearing may be installed as shown in Figure 3-1 or 

upside-down with the spherical surface facing down rather than up. In both installation 

methods the behavior is identical. 

BEARING MATERIAL-~ 

SEAL 

ARTICULATED SLIDER 

ENCLOSING 
CYLINDER 

SPHERICAL SURFACE 

Figure 3-1 FPS Bearing Section 

The bearing is constructed of steel with the articulated slider and the spherical sliding 

surface made of stainless steel. Specifically, the spherical sliding surface consists of 

highly polished austenitic, type 316 stainless steel. All sliding interfaces, that is those of 
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the articulated slider with the spherical surface and the supporting column, are faced with 

a high bearing capacity, self lubricating, PTFE-based composite material. The rated load 

capacity of this material is about 400 MPa (60 ksi). The material is characterized by low 

friction, low wear and marked insensitivity of its frictional properties to significant 

temperature changes. It has been used for the last 30 years in applications of the U.S. 

aerospace and military industry such as commercial and military aircraft, satellite 

construction, helicopter bearings and actuator systems. It has also been used in industrial 

applications such as heavy machinery and equipment, cranes etc. 

The basic principle of operation of the FPS bearing is illustrated in Figure 3-2. 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 force needed to produce displacement of the FPS bearing consist of the combination 

of restoring force during the induced rising of the structure along the spherical surface 

and of friction force at the sliding interface. The derivation of the force-displacement 

relation is based on Figure 3-3. The FPS bearing is considered in its deformed position 

under the action of a lateral force F. The horizontal and vertical components of 

displacement are respectively given by 

u = Rsine (3-1) 

v = R(1-cose) (3-2) 

where R is the radius of curvature of the spherical sliding surface. From equilibrium of 

the bearing in the vertical and horizontal directions it is obtained that 

w - scose + Ffsine = 0 (3-3) 
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F - SsinS - FtcosS = 0 (3-4) 

where W is the weight carried by the bearing and Ff is the friction force at the sliding 

interface. 

/ 
./ 

./ 

PENDULUM MOTION 

I w 
M \ 

MOTION OF STRUCTURE ON FPS BEARINGS 

Figure 3-2 Basic Principle of Operation of FPS Bearing 

Solution of Equations (3-3) and (3-4) results in 

F 
F = WtanS + _t_ 

cosS 
(3-5) 

The term WtanS represents the restoring force in its most general form (S may be large), 

whereas the term Ff / cosS represents the contribution of friction. 
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The stiffness of the bearing is derived by dividing the restoring force by the displacement 

u 

ARTICULATED 
SLIDER 

F 

R 

u=Rsin e 

Rease 

SPHERICAL SURFACE 

v=R( l-cos e) 

Figure 3-3 Free Body Diagram of FPS Bearing 

(3-6) 

Accordingly, the force needed to induce a displacement u in the horizontal direction is 

given in the general case of large e by 
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F= W u+2 (3-7) 
RcosS cosS 

For small values of angle S, cosS "" 1 and Equations (3-6) and (3-7) take the linearized 

form 

K=W 
R 

F = W u + llWsgn(u) 
R 

(3-8) 

(3-9) 

in which now the friction force Fr has been replaced by the product of the coefficient of 

friction 11 and weight W. Furthermore, u represents the horizontal component of velocity. 

Equations (3-8) and (3-9) are valid for all practical purposes. FPS bearings are typically 

designed for displacement u < 0.2 R, so that the error due to linearization of Equations 

(3-6) and (3-7) is insignificant. 

Returning now to Equation (3-8), the period of free vibration is derived 

( W J1I2 (R J/2 T=2n _ =2n_ 
Kg g 

(3-10) 

The period is independent of the mass of the structure and dependent only on the 

geometry of the bearing. Thus, the period does not change if the weight of the structure 

changes or is different than assumed. 

Furthermore, Equation (3-9) demonstrates that the lateral force is directly proportional to 

the supported weight. As a result of this significant property, the center of lateral rigidity 
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of the isolation system coincides with the center of mass of the structure. This property 

makes the FPS bearings particularly effective at minimizing adverse torsional motion in 

asymmetric structures. 

3.2 Properties of FPS Bearings 

As with all seismic isolation systems, the intent of isolation is to substantially reduce the 

seismic forces to the structural system by introducing flexibility and energy absorption 

capability. The FPS isolation bearings produce this effect while they furthermore have 

some unique properties. These properties are: 

(1) Period of vibration which is independent of the supported mass. 

(2) Their lateral force is directly proportional to the weight they carry and, thus, the 

isolation system force always develops at the center of mass of the supported 

structure. This property minimizes adverse torsional motions. 

(3) They provide rigidity to wind and minor earthquake loads. This is accomplished 

by the friction in the bearings which do not allow motion until the static friction 

limit is exceeded. 

(4) They have high vertical load capacity and stability. Owing to their umque 

construction they do not exhibit P-~ effects at large displacements. Furthermore, 

the enclosing cylinder of the bearing provides lateral displacement restraint. 

(5) Their properties of flexibility and energy absorption capability are not interrelated. 

The first is entirely controlled by geometry (radius R) and the second is controlled 

by friction at the sliding interface. This property allows for optimum design of 

the isolation system. 
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SECTION 4 

MODEL FOR EARTHQUAKE SIMULATOR TESTING 

4.1 Bridge Model 

The bridge model was designed to have flexible piers so that under non-isolated 

conditions the fundamental period of the model in the longitudinal direction is 0.2Ss (or 

O.Ss in prototype scale). 

The bridge model is shown in Figure 4-1. At quarter length scale, it had a clear span of 

4.8m (1S.7 feet), height of 2.S3m (8.3 feet) and total weight of 157.8 kN (3S.S kips). The 

deck consisted of two AISC W14x90 sections which were transversely connected by 

beams. Additional steel and lead weights were added to reach the model deck weight of 

140kN (31.S kips), as determined by the similitude requirements. Each pier consisted of 

two AISC TS 6 x 6 x SI16 columns with a top made of a channel section which was 

detailed to have sufficient torsional rigidity. The tube columns were connected to beams 

which were bolted to a concrete extension of the shake table. In this configuration, the 

column loads were transferred at a point located 0.57m (1.87 ft) beyond the edge of the 

shake table. While the overhangs of the concrete shake table extension could safely carry 

the column load of over 80kN (18 kips), they had some limited vertical flexibility which 

during seismic testing resulted in vertical motion of the piers and the supported deck. 

The piers were designed to have in their free standing cantilever position a period of 0.1 s 

(0.2s in prototype scale) when fully loaded (load cells and bottom part of bearings). 

Furthermore, the piers were detailed to yield under the combined effects of gravity load 

(40kN each column) and 50 percent of the gravity load applied as horizontal load at each 

bearing location. The stiffness of each pier was verified by pulling the piers against each 

other on the shake table. During the test the piers were also proof-loaded to their rated 

capacity and the results were used to calibrate the strain gage load cell of each column. 
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Identification of the model was conducted by exciting the shake table with a 0-20 Hz 

banded white noise of 0.03g peak acceleration. Acceleration transfer functions of each 

free standing pier and of the assembled bridge model with all bearings fixed against 

translational movement (but not rotation) revealed the following properties: fundamental 

period of free standing pier equal to 0.096s and fundamental period of non-isolated bridge 

in the longitudinal direction equal to 0.26s. These values are in excellent agreement with 

the design values of O.ls and 0.25s, respectively. 

Damping in the model was estimated to be 0.015 of critical for the free standing piers and 

0.02 of critical for the entire model in its non-isolated condition. Identification tests of 

the model were also conducted with white noise input of O.lg peak table acceleration to 

obtain a fundamental period of 0.25s and corresponding damping ratio of 0.04 of critical. 

The increased damping was the result of hysteretic action, not in the columns of the 

model but in the overhangs of the concrete extension of the shake table. During shake 

table testing of the non-isolated model, the recorded loops of shear force versus 

displacement of the piers displayed hysteretic action (see section 5). Estimates of 

damping ratio from these loops were in the range of 0.04 to 0.08 of critical. Thus while 

the columns of the piers remained elastic, the pier system displayed realistic hysteretic 

action with equivalent damping ratio of at least 5 percent of critical. 

The design of the model bridge was based in the similitude laws for artificial mass 

simulation (Sabnis 1983). A summary of the scale factors in the model is presented in 

Table 4-1. 

4.2 Friction Pendulum (or FPS) Bearings 

The isolation system consisted of four FPS bearings which were located on top of load 

cells as shown in Figure 4-1. The geometry of the bearing is presented in Figure 4-2, and 

a view of an open FPS bearing is shown in Figure 4-3. The bearings were installed with 

the spherical surface facing down. The radius of curvature of the spherical sliding surface 
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was R=558.8mm (22 inches) so that the period of vibration of the isolation system was 

I.Ss (Equation 3-10). The displacement capacity of the bearing was 89mm (3.5 inches) 

in all directions. 

Table 4-1 : Summary of Scale Factors in Bridge Model 

I QUANTITY II DIMENSION I SCALE FACTOR" I 
Linear Dimension L 4 

Displacement L 4 

Velocity Lrl 2 

Acceleration Lr2 1 

Time T 2 

Frequency r 1 0.5 

Force F 16 

Stress FL-2 1 

Pressure FL-2 1 

Strain --- I 

* PROTOTYPE / MODEL 

Four different materials were used at the sliding interface. All four were self-lubricating 

PTFE-based composites. They were assigned numbers No.1, 2, 3 and 4. Of these, No.1 

was identical to the material used in the bearings of the U.S. Court of Appeals building 

in San Francisco. The materials were tested under an average bearing pressure (load on 

bearing divided by the geometrical area of the slider) of 17.2 MPa (2.5 ksi) and 275.6 

MPa (40 ksi). This was accomplished by using different articulated sliders with bearing 

contact areas of diameter equal to 12.7mm and 50.8mm, respectively. 
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units:mm 

I I~' ~ 
82.6 

~ 

279 

229 

CONCAVE SPHERICAL SURF ACE 
FACED WITH STAINLESS 
STEEL OVERLAY 

___ --CIRCULAR RETAINER 

1------- SEAL 

HOUSING PLATE 
PLATE 279-279-25 

Figure 4-2 Construction of Friction Pendulum System Bearing 

The frictional properties of these four materials in contact with polished stainless steel 

were determined in identification tests prior to and following the seismic testing. In these 

tests the piers were stiffened by braces (see Figure 4-1) and the deck was connected by 

rods to a nearby reaction frame. The shake table was then driven in displacement

controlled mode with specified frequency and amplitude of harmonic motion. The lateral 

force in each bearing was recorded by the supporting load cell. From recorded loops of 

force versus bearing displacement the friction force was extracted. Division by the 

normal load, which was also monitored by the load cell, gave the coefficient of sliding 

friction. Furthermore, the coefficient of friction was extracted from recorded loops of 

force versus bearing displacement during seismic testing. 

The results are presented in Figures 4-4 and 4-5 as function of bearing pressure and 

velocity of sliding. The coefficient of friction follows the relation proposed by 

Constantinou 1990a 

(4-1) 

where fmax is the coefficient of friction at high velocity of sliding, fmin is the coefficient 
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Figure 4-3 View of FPS Bearing 

of friction at essentially zero velocity of sliding and a is a parameter controlling the 

variation of the coefficient with velocity of sliding. Values of the model parameters are 

presented in Table 4-11. It may be seen in Figures 4-4 and 4-5 that the experimental 

results agree well with the predictions of the calibrated model of Equation 4-1. 

Of interest is to note that all four composite materials had nearly the same frictional 

properties. In all four, the breakaway (or static) coefficient of friction was 

found to be always less than fmax regardless of the duration of dwell of load which varied 

between a few minutes and 24 hours. 
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Figure 4-4 Coefficient of Sliding Friction as Function of Bearing Pressure and 
Sliding Velocity for Composite Materials No.1 and 2 in Contact with 
Polished Stainless Steel 
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Table 4-11 Parameters in Model of Friction 

PRESSURE MATERIAL fmax fmin a COMMENTS 
(MPa) (sec/m) 

No.1 0.104 0.040 83.4 

17.2 No.2 0.122 0.115 127.5 * 
No.3 0.120 0.090 47.0 

No.4 0.114 0.114 --- * 
No.1 0.053 0.034 199.7 

275.6 No.2 0.058 0.058 --- * 
No.3 0.062 0.062 --- * 

* essentially Coulomb friction 

4.3 Instrumentation 

The instrumentation consisted of load cells, accelerometers and displacement transducers. 

Figure 4-6 shows the overall instrumentation diagram, whereas Figures 4-7 and 4-8 shows 

the instrumentation diagrams for accelerometers and displacement transducers, 

respectively. A list of monitored channels and their corresponding descriptions are given 

in Table 4-I1I. A total of 51 channels were monitored. 

4.4 Test Program 

Testing of the bridge model was performed in five different configurations, as shown in 

Figure 4-9. These configuration were: 

(1) 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. 

(2) Braces were installed to stiffen the piers (see Figure 4-1) and the deck was 
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SOUTH 

connected by stiff rods to a nearby reaction wall. In this configuration, the shake 

table was driven in displacement-controlled mode with specified frequency and 

amplitude of harmonic motion. This motion was nearly the motion experienced 

by the FPS bearings. Loops of bearing horizontal force versus bearing 

displacement were recorded and used to extract the frictional properties of the FPS 

bearings. 

(3) Both piers were stiffened by braces so that they represented stiff abutments. In this 

configuration, the model resembled a single span isolated bridge. 

(4) 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 view of this configuration 

on the shake table is shown in Figure 4-10. 

(5) A configuration with two flexible piers which resembled portion of a multiple span 

bridge between expansion joints. A view of this configuration on the shake table 

is shown in Figure 4-11. 
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Figure 4·6 Overall Instrumentation Diagram 
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Table 4-111 List of Channels (with reference to Figures 4-6 to 4-8) 

CHANNEL I NOTATION INSTRUMENT RESPONSE MEASURED 

1 AVDSE ACCL Deck Vertical Accel.-South East Corner 

2 AVDCE ACCL Deck Vertical Accel.-East Side at Center 

3 AVDCW ACCL Deck Vertical Accel.-West Side at Center 

4 AVDNE ACCL Deck Vertical Accel.-North East Corner 

5 AHDNE ACCL Deck Horizontal Accel.-North East Corner 

6 AHDNW ACCL Deck Horizontal Accel.-North West Corner 

7 AHPNE ACCL Pier Horizontal Accel.-North East 

8 AHPNW ACCL Pier Horizontal Accel.-North West 

9 AHPSE ACCL Pier Horizontal Accel.-South East 

10 AHPSW ACCL Pier Horizontal Accel.-South West 

11 AHTNC ACCL Table Horizontal Accel.-North Side at Center 

12 AVTSC ACCL Table Vertical Accel.-South Side at Center 

13 AVTNC ACCL Table Vertical Accel.-North Side at Center 

14 ATSD ACCL Deck Transverse Accel.-South Side 

15 ATND ACCL Deck Transverse Accel.-North Side 

16 ATSP ACCL Pier Transverse Accel.-South 

17 ATNP ACCL Pier Transverse Accel.-North 

18 DHDNC DT Deck Total Horizontal Displ.-North Side Center 

19 DHBSE DT Bearing Horizontal Displ.-South East 

20 DHBSW DT Bearing Horizontal Displ.-South West 

21 DHBNE DT Bearing Horizontal Displ.-North East 

22 DHBNW DT Bearing Horizontal Displ.-North West 

23 DHPNE DT Pier Total Horizontal Displ.-North East 

24 DHPNW DT Pier Total Horizontal Displ.-North West 

25 DHTNC DT Table Horizontal Displ.-North Side at Center 

26 DHBAV DT Bearing Horizontal Average Displ. 

ACCEL=Accelerometer, DT=Displacement Transducer 
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Table 4-111 (Cont'd) 

CHANNEL NOTATION INSTRUMENT RESPONSE MEASURED 

27 DLAT DT Table Horizontal Displ. 

28 ALAT ACCL Table Horizontal Accel. 

29 DVRT DT Table Vertical Displ. 

30 AVRT ACCL Table Vertical Accel. 

31 DROL DT Table Rolling Displ. 

32 AROL ACCL Table Rolling Accel. 

33 SXl LOAD CELL Shear Bearing Force-South West 

34 SX2 LOAD CELL Shear Bearing Force-South East 

35 SX3 LOAD CELL Shear Bearing Force-North West 

36 SX4 LOAD CELL Shear Bearing Force-North East 

37 SCNE LOAD CELL Column Shear Force-North East 

38 SESE LOAD CELL Column Shear Force-South East 

39 SCNW LOAD CELL Column Shear Force-North West 

40 SCSW LOAD CELL Column Shear Force-South West 

41 NISW LOAD CELL Axial Bearing Force-South West 

42 N2SE LOAD CELL Axial Bearing Force-South East 

43 N3NW LOAD CELL Axial Bearing Force-North West 

44 N4NE LOAD CELL Axial Bearing Force-North East 

45 SCN LOAD CELL Average Column Shear Force-North 

46 SCS LOAD CELL Average Column Shear Force-South 

47 DHDSW DT Deck Total Horizontal Displ.-South West Corner 

48 DHDSE DT Deck Total Horizontal Displ.-South East Corner 

49 LCNE LOAD CELL East Friction Force-North East Corner(lD-test) 

50 LCNW LOAD CELL West Friction Force-North West Corner(lD-Test) 

51 LCTOT LOAD CELL Average Friction Force(lD-Test) 

ACCEL=Accelerometer, DT=Displacement Transducer 
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MODEL CONFIGURATION 1 

MODEL CONFIGURATION 

MODEL CONFIGURATION 3 

MODEL CONFIGURATION 4 

REACTION 
FRAME 

MODEL CONFIGURATION 5 

• FIXED 
o FPS BEARING 

Figure 4-9 Model Configurations in Testing (l:Non-isolated Bridge, 
2:Identification of Frictional Properties, 3:Single Span Model, 4:Two
Span Model, 5:Multiple Span Model) 
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Figure 4-10 View of Bridge Model Configuration with One Flexible Pier and One 
Stiff Pier 

Figure 4-11 View of Bridge Model in Configuration with Two Flexible Piers 
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A total of 173 earthquake simulation tests were performed on the model bridge. Tests 

were conducted with only horizontal input and with combined horizontal and vertical 

input. The earthquake signals and their characteristics are listed in Table 4-IV. The 

earthquake signals consisted of historic earthquakes and artificial motions compatible with 

(a) The Japanese bridge design spectra for levelland level 2 and ground conditions 

1 (rock), 2 (alluvium) and 3 (deep alluvium) (CERC 1992). In Japan, it is required 

that bridges are designed for two levels of seismic loading. In level 1 seismic 

loading, it is required that the bridge remains undamaged and fully elastic. In level 

2 seismic loading, inelastic behavior is permitted. Tables 4-V and 4-VI describe 

the shapes of the 5%-damped acceleration spectra of the Japanese levelland 2 

motions. 

(b) The California Department of Transportation (CalTrans) bridge spectra (Gates 

1979). These motions were identical to those used in the testing of another bridge 

model by Constantinou, 1991 a. 

(c) Site specific spectra for a location in Boston, Massachusetts. 

Each record was compressed in time by a factor of two to satisfy the similitude 

requirements. Figure 4-12 to 4-31 show recorded time histories of the table motion in 

tests with input being the earthquake signals of Table 4-IV. The acceleration and 

displacement records were directly measured, whereas the velocity record was obtained 

by numerical differentiation of the displacement record. It may be observed that the peak 

ground motion was reproduced well, but not exactly, by the table generated motion. 

Figures 4-12 to 4-31 also show the response spectra of acceleration of the table motions. 

The 5 % damped acceleration spectrum is compared to the spectrum of the target record 

to demonstrate the good reproduction of the motion by the table. 
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Table 4-V Spectral Acceleration of Japanese Bridge Design Spectra, Levell 

EJ Spectral Acceleration (SIO) in units of cmlsec2 as Function of 
Period T j in units of seconds 

T j < 0.1 0.1 ::;; T j ::;; 1.1 1.1 < T j 

1 SIO = 431 T/13 SIO=200 SIO=220fT j 

SIO ~ 160 

T j < 0.2 0.2::;; T j ::;; 1.3 1.3 < T j 

2 SIO = 427T/13 SIO=250 SIO=325fT j 

SIO ~ 200 

T j < 0.34 0.34 ::;; T j ::;; 1.5 1.5 < T j 

3 SIO = 430T/13 SIO=300 SIO=450fTj 

SIO ~ 240 

Table 4-VI Spectral Acceleration of Japanese Bridge Design Spectra, Level 2 

EJ Spectral Acceleration (S20) in units of cmlsec2 as Function of 
Period T j in units of seconds 

T j ::;; 1.4 1.4 < T j 

1 S20 = 700 S20=980fT j 

T j < 0.18 0.18 ::;; T j ::;; 1.6 1.6 < T j 

2 S20 = 1506T/13 S20=850 S20=1360fT j 

S20 ~ 700 

T j < 0.29 0.29 ::;; T j ::;; 2.0 2.0 < T j 

3 S20 = 1511T/13 S20=1000 S20=2000fT j 

S20 ~ 700 
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SECTION 5 

EARTHQUAKE SIMULATOR TEST RESULTS 

5.1 Results for Non-isolated Bridge 

Testing of the non-isolated bridge (see Figure 4-9, configuration 1) was conducted with 

only horizontal excitation. The experimental results for the bridge in its non-isolated 

configuration are summarized in Table 5-1. For each test, the peak values of the table 

motion in the horizontal direction are given. The displacement and acceleration were 

directly measured whereas the velocity was determined by numerical differentiation of the 

displacement record. The peak pier drift is given as a percentage of the pier height which 

was 1290.3mm. This is the length of the column excluding the stiffeners at the ends (see 

Figure 4-1). The peak shear force is given as a fraction of the axial load carried by the 

pier (70 kN each pier). 

5.2 Results for Isolated Bridge 

Table 5-11 lists the earthquake simulation tests and model conditions in the tests of the 

isolated bridge. The excitation in Table 5-11 is identified with a percentage figure which 

represents a scaling factor on the acceleration, velocity and displacement of the actual 

record. For example, the figure 200% denotes a motion scaled up by a factor of two in 

comparison to the actual record. 

Table 5-111 presents a summary of the experimental results of the isolated bridge. The 

table includes the following results: 

(a) Displacement of bearings located at the south pier (see Figures 4-7 to 4-9). The 

transducers monitoring the south bearing displacement were continuously 

monitored and not initialized prior to each test. Thus, the instruments recorded 

correctly the initial and permanent bearing displacements. Figure 5-1 shows an 
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example of bearing displacement time history. The initial displacement is the 

permanent displacement in the previous test and the initial displacement in the 

current test. 

(b) Maximum travel of bearings located at the North pier. The transducers monitoring 

the North bearing displacements were initialized prior to each test so that the 

initial displacement appeared always as zero. Thus, only the maximum travel 

(MAX.-INIT. in Figure 5-1) could be accurately obtained and not the initial and 

permanent displacements. 

I
Z 
W 
~ 
W 
() 

< 
....I 
n. 
U) 

a 

+ INITIAL DISPLACEMENT ON IT .) 

'\ MAXIMUM 
DISPLACEMENT (MAX.) 

(MAX.-INIT.) 

n~ /I 
l' 

~y P:RMANENTDISPLAcL,PERMI 

TIME 
\ 

Figure 5-1 Example of Bearing Displacement History 

(c) Isolation system shear force normalized by the carried weight (140 kN for total 

shear force and 70 kN for shear force at each pier). The isolation system shear 

force is the sum of the horizontal components of bearing forces as recorded by the 

load cells supporting the bearings. 

(d) Pier acceleration. The peak accelerations of the top of the South and North piers 

are reported. 

(e) Deck horizontal acceleration. 

(f) Pier shear force normalized by axial load. Each column was instrumented with 

strain gages to measure the shear force. The reported quantity is the sum of the 

5-3 



shear forces in the two columns of each pier divided by the axial load on each pier 

(140/2=70 kN). It should be noted that the pier shear force is, in general, 

different than the isolation system shear force. The two forces differ by the inertia 

force of the accelerating part of the pier between the sliding interface and the 

location of the strain gages. 

(g) Pier drift ratio. This is the displacement of the top of the pier relative to the shake 

table, divided by the length of the column (1290.3 mm). 

During testing of the model bridge in its isolated condition it was observed that the 

overhangs of the shake table extension, which supported the piers (see Figure 4-1), 

underwent significant vertical motion even when only horizontal table motion was 

imposed. The two overhangs did not move vertically in unison. Rather, the motion of 

the two overhangs was anti-symmetric with the two sides moving with different amplitude 

and content in frequency. It was concluded that this vertical motion of the overhangs was 

the combined result of table-structure interaction, vertical flexibility of the overhangs and 

differences in the vertical stiffness of the overhangs (it was later found that on one side 

of the concrete table extension the reinforcement was misplaced). 

The implications of this phenomenon were to increase the severity of the testing. In 

effect, in all tests the piers experienced out-of-phase vertical input at their bases. This 

caused changes in the vertical load carried by the FPS bearings, which in turn affected 

the stiffness and friction force of the bearings (see Equation 3-9). This explains the 

differences in the isolation system shear force, pier acceleration and pier shear force and 

drift between the South and North piers (see Table 5-III). Furthermore, it explains the 

wavy nature of the recorded force versus displacement loops of the isolation system (see 

Appendix A). 
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5.3 Behavior and Effectiveness of Low Friction Isolation System 

Tests were conducted with four different sliding interfaces at low and very high bearing 

pressures. The four interfaces exhibited similar frictional behavior so that, effectively, 

testing was conducted at two levels of friction: (a) at low level of friction with fmax=0.058, 

and (b) at medium level of friction with fmax=O.lO to 0.12. 

The isolation system with low friction (fmax=0.058) and isolation period of 1.5s (3s in 

prototype scale) is appropriate for application in areas of moderate seismicity. 

Accordingly, tests were primarily conducted with moderate excitation, including artificial 

motions compatible with spectra for a site in Boston (see test series FPSCR in Table 5-II 

and 5-III). For such excitations, it would be expected that bearings displacements be 

small and, thus, the developed restoring forces would be insufficient to re-center the 

isolated bridge. 

The test results are summarized in Table 5-IV 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 displacements are of the same order or less than the 

deck to ground displacement of the non-isolated bridge. Furthermore, the permanent 

displacement in the FPS bearings is very small and does not accumulate with repeated 

testing. 
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Table 5-IV Comparison of Response of Isolated (case of low friction) 
and Non-isolated Bridge 

ISOLA TED (fmax= 0.058) NON-ISOLATED 
EXCITATION 

DECK PEAK PERM. DECK DISPL. OF 
ACCEL. BEARING BEARING ACCEL DECK W.R.T 

(g) DISPL.(rnm) DISPL.(rnm) (g) TABLE (mm) 

EL CENTRO SOOE 25% N.A. N.A. N.A. 0.250 4.9 

EL CENTRO SOOE 50% 0.082 5.6 1.7 0.500 9.8 * 

EL CENTRO SOOE 100% 0.097 16.0 0.9 INELASTIC BEHAVIOR * 

TAFT N21E 75% N.A. N.A. N.A 0.250 5.0 

TAFT N21E 100% 0.081 3.5 0.5 0.333 6.6 * 

TAFT N21E 200% 0.094 15.3 0.5 INELASTIC BEHAVIOR * 

TAFT N21E 300% 0.137 37.0 0.5 INELASTIC BEHAVIOR * 

MIYAGIKENOKI E-W 75% N.A. N.A. N.A. 0.220 4.9 

MIYAGIKENOKI E-W 130% 0.087 5.0 0.5 0.509 11.4 

HACHlNOHE N-S 50% N.A. N.A. N.A. 0.180 4.0 

HACHlNOHE N-S 100% 0.096 14.2 3.7 0.360 8.0 

*EXTRAPOLATED FROM LOWER AMPLITUDE TESTS AND ASSUMING LINEAR BEHAVIOR WHEN PIER SHEAR 
FORCE I AXIAL LOAD IS LESS THAN OR EQUAL 0.5 

5-4 Effectiveness of Medium Friction Isolation System 

The isolation system with medium level friction (fmax=0.104 or 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 Figure 5-2 where 

the deck acceleration and 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 deck acceleration is maintained between 

0.1 and 0.25g and the pier shear force between O.lW and nearly 0.25W (W = axial load 

carried by pier), while the table acceleration varies between 0.1 and nearly Ig. This 

demonstrates the significant benefits offered by seismic isolation. 
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Figures 5-3 and 5-4 depict the response of the isolated bridge as a function of increasing 

intensity of specific earthquake motions. It may be observed that the deck acceleration 

is only marginally affected by the intensity of the input motion. This desirable behavior 

is achieved with relatively small bearing displacements which are less or about the same 

as the table displacement. 

The experimental results demonstrate the benefits offered by the medium friction isolation 

system in strong seismic excitation. It may be, however, argued that an isolation system 

designed for optimum performance in strong seismic excitation might be ineffective in 

weak seismic excitation. Indeed, this is the case in elastomeric isolation systems with 

strain dependent properties (Maison, 1992). For example, high damping rubber exhibits 

significantly more stiffness at low shear strains in comparison to shear strains exceeding 

100%. 

Exactly the reverse is true for the FPS system. 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 and, accordingly, the mobilized friction force 

is less than the one mobilized in strong excitation (see Figure 4-4, material No.1 at low 

bearing pressure). 

Figures 5-5 to 5-7 provide evidence for the performance of the medium friction isolation 

system at low level excitation. The figures compare the response of the isolated bridge 

(case of flexible piers, bearing material No.1 at low pressure with fmax=0.104) to that of 

the non-isolated bridge for the Japanese level 1 input motion. The effectiveness of the 

isolation system in these weak motions 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. Moreover, the insensitivity of the 

isolated bridge to the frequency content of input (ground conditions 1 through 3) is noted 

in the recorded loops of Figures 5-5 to 5-7. 
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5.5 Effect of Vertical Ground Motion 

The force-displacement of an FPS bearing is described by Equation (3-9). Under vertical 

ground motion the load on the bearing varies, so that Equation (3-9) is modified to 

F = (1 + iigv)[ W u+Il Wsgn(u)] 
g R 

(5-1) 

where iigV = vertical ground acceleration and g = acceleration of gravity. In effect, the 

vertical ground acceleration modifies the load on the bearing and, thus, modifies both the 

restoring force and the friction force. A second indirect effect of the vertical ground 

motion is the modification of bearing pressure at the sliding interface. This, in turn, 

modifies the coefficient of sliding friction which is pressure dependent. 

It appears, in a casual review of these effects, that the vertical ground motion has 

significant effects. The experimental results provide evidence to the contrary. Figures 

5-8 and 5-9 compare the response of the isolated bridge (case of flexible piers, fmax=0.104) 

to the EI Centro SOOE 200% and Taft N21E 400% input, with and without the vertical 

ground component. Evidently, the vertical input has a minor effect which is primarily 

seen in the wavy form of the isolation system hysteresis loop. The observed differences 

in the loops of pier shear force versus pier deformation are not real but rather a result of 

the vertical motion effect on the displacement transducer which measured the pier 

deformation. 

The reason for the rather minor effect of vertical motion on the response of the isolated 

bridge is that the vertical ground motion contains frequencies different than those of the 

horizontal ground motion and that the two motions are not in phase. The peaks of the 

horizontal and vertical ground motions occur at different times so that their effects do not 

coincide. 
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5.6 Effect of Impact on the Displacement Restrainer 

In some tests with very strong excitation, such as the Pacoima Dam S 16E component, or 

long period excitation, such as the Japanese Level 2, ground condition 3 excitation and 

the Mexico City (amplified to 120%) excitation, the bearing displacement demand 

exceeded the bearing displacement capacity. The displacement restrainer of the FPS 

bearings (see Figure 4-2) was engaged and prevented further displacement at the expense 

of higher accelerations in the superstructure and higher forces in the substructure. Figure 

5-4 provides evidence to the effects of engaging the restrainer in the tests with Pacoima 

Darn S 16E 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 FPS 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 Figure 5-10 

which compares the response of the isolated bridge (flexible pier case, fmax=0.104, test No. 

FPSAR40) to the response of the non-isolated bridge (extrapolated from the results of test 

No. FRUN17 assuming linear behavior) for the Japanese level 2, ground condition 3 

input. 

5.7 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, 0.50, 0.75, 1.0 and 1.25 times the total 

design displacement) the effective stiffness of the specimen differs by not more than 10 

percent from the average effective stiffness. Furthermore, the AASHTO, 1991 requires 

that in tests with at least 10 cycles of motion at the total design displacement, there is no 

5-29 



120 
E ~IMPACT ISOLA TED, TEST FPSAR40 
.§ 80 
..J a.. 40 en 
i5 
~ 0 z a: -40 c( 
w m 

-80 
~IMPACT 

-120 
0 5 10 15 20 25 30 

TIME (sec) 

ISOLATED, TEST FPSAR40 

-0.4 

-0.6 L--,,---,,---"'-~--'--'----1.--'----'----'----L---'---'---'--'---'-....L--'--'--'--...J.-->---J 

-120 -80 -40 0 40 80 120 

BEARING DISPLACEMENT (mm) 

I- 2 2 :::c ISOLATED, TEST FPSAR40 NON-ISOLATED, EXTRAPOLATE 
C!' 
iii NORTH PIER FROM TEST FRUN1 7 

== 1 1 NORTH PIER 
-. 
w 

/ 0 
II: 

0 0 0 
U-
II: 
c( 
W -1 -1 :::c 
(J) 

II: 
W 
c::: -2 -2 

-2 -1 0 2 -2 -1 0 2 

PIER DRIFT RATIO (%) PIER DRIFT RATIO (%) 

Figure 5-10 Comparison of Response of Isolated Bridge with Engagement of 
Displacement Restrainer to Response of Non-isolated Bridge under the 
Japanese Level 2, Ground Condition 3 Input 

5-30 



greater than 20 percent change in either the effective stiffness or the effective damping 

between the first and any subsequent cycle. 

In FPS bearings, the stiffness is entirely controlled by the radius of curvature of the 

spherical sliding surface (see Equation 3-8). Thus, the stiffness cannot 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 FPS bearings is provided in Figure 5-11. The figure shows recorded force

displacement loops of all four bearings in identification tests using the model 

configuration 2 in Figure 4-9. The bearing material is No.1 under pressure of 17.2 MPa 

(see Figure 4-4). Five cycles of harmonic motion with 75mm amplitude and 0.4 Hz 

frequency were imposed. The peak velocity of sliding exceeded 188 mrnIs. One test was 

conducted prior to the seismic testing. The other identical test was conducted following 

58 seismic tests (test No. FPSAROI to FPSAR58 in Tables 5-11 and 5-111). It may be 

observed that the loops prior and following the 58 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. 

5.8 Permanent Displacements 

Permanent displacements may develop in all hysterestic isolation systems. The AASHTO 

(AASHTO 1991) and UBC (rCBO 1991) specifications attempt to account for this 

possibility by either specifying minimum stiffness requirements or by penalizing systems 

which lack sufficient stiffness. Particularly, the AASHTO, 1991 specifications require 

that the restoring force of an isolation system at the design displacement, dj , 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 3dj • 
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The assumption in AASHTO is that systems which do not meet the aforementioned 

criteria will have large permanent displacements (of the order of d) which will 

accumulate in successive earthquakes. Indeed, this may be the case in systems which 

completely lack restoring force. Evidence for this was provided by Constantinou, 1990b 

and 1991b in tests of a sliding isolation system without restoring force. 

The tested isolation system had a force-displacement relation expressed by Equations (3-

9) and (4-1). The force developed at displacement di is, thus, given by 

d.W 
F.=+ W+_1

_ 
I Jrnax R 

The requirement of AASHTO on the lateral restoring force is equivalent to 

d. 
-.: > 0.05 
R 

(5-2) 

(5-3) 

For the tested FPS bearings, R=558.8mm, so that Equation (5-3) is equivalent to 

di>27.9mm. 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 Table 5-III reveals 

that the permanent displacements were small 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 27.9mm. Particularly interesting is the 

sequence of tests FPSBR (see Table 5-III). In nine of the ten conducted tests the bearing 

displacements were less than this limit. Yet, the permanent displacements were small and 

not cumulative. 
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SECTION 6 

ANALYTICAL PREDICTION OF RESPONSE 

6.1 Introduction 

Analytical techniques for predicting the dynamic response of sliding isolation systems are 

available (Mokha 1988, 1990b and 1991; Constantinou 1990a, 1990b, 1991a and 1991b). 

These analytical techniques are employed herein in the prediction of the response of the 

tested bridge model. The analytical model accounts for the pier flexibility, pier top 

rotation and vertical motion effects on the properties of the FPS bearings. 

6.2 Analytical Model 

Figure 6-1 shows the analytical model in the case of the bridge with flexible piers. The 

degrees of freedom are selected to be the deck displacement with respect to the table, U d' 

the pier displacements with respect to the table, Upi and U p2' and the pier rotations, <Ppi 

and <P p2' 

Each pier is modeled by a beam element of length L i, moment of inertia Ii and modulus 

of elasticity Ei (i=1 or 2). The beam element is fixed to the table and connected at its top 

to a rigid block of height h, mass ~i and mass moment of inertia about the center of 

mass (C.M.) Ipj. The center of mass is located at distance hi from the bottom of the 

block. This block represents the pier top. 

Free body diagrams of the deck and pier tops of the bridge model are shown in Figure 

6-2. It should be noted that there is no transfer of moment between the deck and the 

supporting pier top. The equations of motion are derived by consideration of dynamic 

equilibrium of the deck and piers in the horizontal direction and of the piers in the 

rotational direction: 
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Figure 6-1 Longitudinal Direction Model of Isolated Bridge 

Figure 6-2 Free Body Diagram of Bridge Model 
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(6-1) 

(6-2) 

(6-3) 

(6-4) 

(6-5) 

where FbI and Fb2 are the lateral forces in the FPS bearings, and Fpi and MPi are the lateral 

force and bending moment at the connection of the pier top to the end of the column: 

{~:} 
12 

L: 
I 

= E.!. 
I I 6 

(6-6) 

L2 
I 

The first part of Equation (6-6) describes the elastic forces, whereas the second part is 

used to account for linear viscous energy dissipation in the piers. 

The lateral force in the FPS bearings is given by (see section 3) 

(6-7) 

(6-8) 
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(6-9) 

where Wi=weight carried by pier i(i=1,2), Wi*=normal load on the sliding interface, 

Ubi=bearing displacement, /li=coefficient of sliding friction and Zi= variable describing 

essentially rigid-plastic behavior. 

(Constantinou 1990a): 

Variable Zi satisfies the following equation 

(6-10) 

In this equation, Yi="yield" displacement (=0.25 mm) and ~ and r-parameters satisfying 

the condition ~+r-1. 

The coefficient of sliding friction follows the relation (Constantinou 1990a, see also 

section 4) 

11.::::1. . - (f. . -I. .. ) exp ( -a·1 Vb' I ) t"'z maxl maxl mml I I 
(6-11) 

in which fmax and [min are, in general, functions of the bearing pressure. 

6.3 Comparison of Analytical and Experimental Results 

Analytical results are compared to experimental results in the test series FPSAR (see 

Table 5-11 and 5-111). In these tests, the sliding interface consisted of composite material 

No.1 (see section 4) at bearing pressure of 17.2 MPa. Analyses were performed for the 

case flexible piers. The dynamic response of the isolated bridge model is described by 

Equations (6-1) to (6-11). Solution of these equations was obtained by first reducing 

these equations to a system of 12 first order differential equations (variables: Ud, V
d

, Upi' 
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Up!' <Ppi' ~Pi and Zi' i=1,2), and then numerically integrating the system by using an 

adaptive integration scheme with truncation error control (Gear 1971). 

The data used in the analytical model were: deck weight mdg=140 kN, pier weight 

mpig=8.9 kN' L I=L2=1.6 m, hl=h2=98mm, h=413 mm, Ipl=Ip2=38.22 kN's2'mm, 

EI=E2=200000 MPa, II=I2=3.022xlO-5m4 (2 AISC tubes Ts 6x6x5116). Based on these 

data the fundamental period of each pier, in its cantilever position, was calculated to be 

0.092s. This is in close agreement with the experimentally determined value of 0.096s. 

The second mode of the cantilever pier had a calculated frequency of 102 Hz. This 

frequency could neither be detected in the tests nor have any significance in the analysis. 

Damping in the piers was described by the second term in Equation (6-6). The fact that 

the calculated second frequency of the cantilever pier is much larger than the first 

frequency indicates that the second mode of the pier may be neglected. Accordingly, 

constant C:i in Equation (6-6) was set equal to zero and constant C;i was assigned a 

value equal to 0.0062 kNs/mm. Based on this value, the damping ratio in the 

fundamental mode of the cantilever pier was calculated to be 5% of critical. This is 

consistent with the experimental data. 

The parameters in the model of friction of Equation (6-11) were selected to be fmini=0.04 

and aj=83.1 s/m. Both were assumed to be independent of the bearing pressure. 

However, the coefficient of friction at high velocity of slicing was described as 

f . = 0.12 - 0.07 tanh (ap.) m= I 

(6-12) 

where a=0.012 (MParl and pi=bearing pressure in MPa, described by 
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(6-13) 

Equation (6-12) is consistent with experimental results on the frictional properties of 

composite material No.1 in contact with polished stainless steel. This is demonstrated in 

Figure 6-3. It should be noted that Equations (6-12) and (6-13) give, in the absence of 

vertical acceleration, Pi= 17.2 MPa and fmaxi=O.1 05. 
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Figure 6-3 Variation of Coefficient of Friction at High Velocity of Sliding (fmax) 
with Pressure (solid line described by equation 6-12) 

Equations (6-1) to (6-13) describe the one-directional response of the isolated bridge 

model, including the full effect of the vertical ground motion. As discussed in section 

5, the piers of the model underwent vertical motion even in the case of testing with only 

horizontal excitation. As an example, Figure 6-4 shows the recorded vertical 

accelerations at the base of the piers of the isolated model in four tests of the FPSAR 

series (see Tables 5-II and 5-ill) , in which the model was excited with the EI Centro 

200% and Taft 400% motions, without and with the vertical component. In the tests with 

only horizontal excitation, the two piers have out-of-phase vertical acceleration. 
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Comparisons of analytical and experimental results are presented in Figures 6-5 to 6-15 

in the case of tests with only horizontal excitation. The analysis was based on Equations 

(6-1) to (6-13) but with UVi set equal to zero (vertical acceleration effects were 

neglected). Evidently, the analytical results are in very good agreement with the 

experimental results. This demonstrates that the vertical acceleration effects are not 

significant. 

Figures 6-16 and 6-17 compare experimental and analytical results in the tests with 

combined horizontal-vertical EI Centro 200% and Taft 400% inputs. The analysis 

accounted for the vertical acceleration effects. The analysis captures correctly the wavy 

form of the bearing shear force-displacement loops and the two sets of results appear to 

be in very good agreement. 
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SECTION 7 

CONCLUSIONS 

An extensive experimental study of a seismically isolated bridge model with Friction 

Pendulum (or FPS) bearings was conducted. The conditions of testing allowed the study 

of a number of effects which were not previously studied in bridge seismic isolation. 

These effects included the pier flexibility, realistic energy dissipation in the piers, pier top 

rotation, vertical ground motion and low amplitude excitation. Tests were conducted at 

two levels of friction, one at low value (fmax=0.058) and another at medium value 

(fmax=O.lO to 0.12). The latter case may regarded as appropriate for application in areas 

of strong seismic excitation, such as California and Japan. The summary and conclusions 

in this section are for this most interesting case. They are presented below: 

(1) The medium friction isolation system was designed for good performance in strong 

seismic excitation. Indeed, the test results demonstrated substantial reductions of 

deck acceleration and pier shear force and drift in comparison to the response of 

a non-isolated comparable (also tested) bridge. 

(2) The isolated bridge performed better than the non-isolated bridge in weak seismic 

excitation, such as the Japanese Level 1 motions. In these motions with peak 

ground acceleration of only about O.lg, the piers of the isolated bridge had less 

than half shear force and drift than the piers of the non-isolated bridge. Figures 

5-5 to 5-7 provide vivid illustration of the differences in the pier response in the 

two cases. 

(3) The vertical ground acceleration was found to have a minor effect on the response 

of the isolated bridge. 

(4) The engagement of the displacement restrainer of the FPS 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 (see Figure 5-10). 

(5) The frictional properties of the bearings remained markedly stable after extensive 

7-1 



testing. Recorded loops of shear force versus displacement of the FPS bearings 

prior and following 58 seismic tests were identical. 

(6) 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 sufficiently large to mobilize strong restoring 

force. 

An analytical model was presented which was capable of describing the response of the 

isolated bridge, including the full effects of the vertical ground motion. Comparison of 

experimental and analytical responses showed very good agreement. This demonstrates 

that the behavior of FPS bearings is very well understood to allow for accurate prediction 

of the response of isolated structures with these bearings. 
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APPENDIX A 

EXPERIMENTAL RESULTS 

This appendix contains experimetal results of the tested bridge model in the test series 

FPSAR (bearing material No.1, fmax=O.104) in the configuration with two flexible piers. 

The recorded time histories of the SW bearing displacement, the loops of isolation force 

versus SW bearing displacement, and the loops of North pier shear force versus pier 

deformation are presented for each test. A set of three figures is presented for each test. 

The set is identified by the input motion and test number. 
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