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PREFACE 

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion 
and dissemination of knowledg~ about eanhquakes, the improvement of earthquake-resistant 
design, 'iOd the implementation of seismic hazard mitigation procedures to minimize I",.;:; of lives 
and propeny. The emphasis is on structures and lifelines that are found in zones of moderate to 
high seismicity throughout the United States. 

NCEER's research is being carried out in an integrated and coordinated manner following a 
structured program. The current research program comprises four main areas: 

• Existing and New Structures 
• Secondary and Protective Systems 
• Lifeline Systems 
• Disaster Research and Planning 

This technical repon penains to Program 2, Secondary and Protective Systems, and more specifi
cally. to protective systems. Protective Systems are devices or systems which, when incorpo
rated into a structure, help to improve the structure's ability to withstand seismic or other en
vironmentalloads. These systems can be passive, such as base isolators or viscoelastic dampers; 
or active, such as active tendons or active mass dampers; or combined passive-active systems. 

Passive protective systems constitute one of the important areas of research. Current research 
activities, as shown schematically in the figure below, include the following: 

1. Compilation and evaluaticn of available data. 
2. Development of comprehensive analytical models. 
3. Development of perfo: mance criteria and standardized testing procedures. 
4. Development of simplified, code-type methods for analysis and dc-';ign. 

Analytical Modeling and 
Experimental Verification 
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Data Compilation 
and Evaluation 



The focus of this study was on teflon sliding bearings for base-isolated buildings and bridges. 
The experimental program described in this report was designed to provide as much information 
as necessary to develop mathematical models for teflon-steel interfaces. A total of 164 tests were 
conducted and the effects on friction of pressure, velocity, acceleration, type and condition of 
the interface. and type of test were investigazed. The obtained results IUJve been used in the 
development of a mathematical model of uni-directional frictirn. 
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ABSTRACT 

This report describes the frictional properties of Teflon-steel interfaces in relation to their appli
catio" in sliding bearings for base isolated building and bridge structures. A number of labora
tory tests have been conducted to determine the effect of sliding velocity, sliding acceleration, 
bearing pressure, type of Teflon and surface finish on the frictional characteristics of sliding 
bearings. Aspects of mathematical modeling and application of results in the analysis of sliding 
isolation systt'ms are considered. 
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SECTION I 
INTRODUCTION 

Teflon sliding bearings have been used for the past several years to accommodate the slow 
motions that arise in bridges due to temperature changes, creep and shrinkage of concrete. For 
such slow motions, the coefficient of friction of Teflon sliding on polished stainless steel is very 
low. AASHTO Specifications [1] recommend a coefficient of friction for design between 0.04 
and 0.06 for Teflon mating with stainless steel of a surface roughne~s of less than 20~in RMS 
(0.50~m). In practice, however, the coefficient of friction may be much higher. This led 
California to require a surface finish of less than 31lin RMS (0.076Ilm) and the use of lubrication 
[21. Under these conditions, the coefficient of friction for slow speeds may be as low as 0.01 [2, 
3]. 

If such low coefficients of friction are maintained over long periods of time. Teflon sliding 
bearings may be particularly useful in base isolation systems for structures. In fact, five different 
isolation systems that incorporate Teflon-steel interfaces have been proposed, of which one has 
reached the stage of implementation. All these systems, which are reviewed in section 2 of this 
report, utilize Teflon-steel interfaces to suppon the weight of the structure and a separate mecha
nism to provide centering force capability and additional energy absorption capactty. A simple 
version of this mechanism may be in the form of cylindrical rubber spri ;gs that are bolted or 
otherwise attachp.d to the basemat and foundation slab of the structure and carry no vertical load. 
The centering force in these systems need not be strong as sliding bearings may be designed to 
accommodate the resulting large displacements. Suggested values for the rigid body mode 
period of sliding isolation systems are 4 to 5 seconds. 

There are two important advantages in sliding isolation systems with restoring force. First, the 
functions of carrying the vertical load and of providing horizontal stiffness are effectively 
separated. This results in a more stable system that eliminates the need of a fail-safe mechanism. 
Second, sliding isolation systems with a weak restoring force are less sensitive to variations in 
the frequency content of ground excitation and tend to limit the intensity of the force imparted to 
the superstructure. This insensitivity to the frequency content of the excitation is of particular 
importance as it distinguishes sliding from e1astomeric isolation systems. 

The acceptance of sliding isolation systems by the engineering profession depends largely on the 
experimental verification of the concept, on the establishment of design procedures and on the 
assessment of the characteristics of sliding bearings under conditions of interest in base isolation. 
The most important characteristic of sliding bearings is the coefficient of friction at the Teflon
steel interface. It is known that this coefficient depends on the sliding velocity. bearing pressure. 
surface condition of stainless steel, and type of Teflon. Other factors may have important effects, 
the extent of which is unknown. 
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A considerable amount of data on friction of Teflon is included in several duPont publications 
[4-6]. It has been common to refer to this data as representative of what might be the behavior of 
Teflon-steel interfaces under conditions encountered in base isolation applications. To assess the 
usefulness of this data in the application of interest, namely base isolation, it is necessary to 
review the original publications on which the duPont data is based. 

A variety of testing arrangements have been used. One apparatus has been described by Flom 
and Porile [7] and reviewed in Reference 8. The apparatus used to obtain some of the most 
commonly referred data (tho~ of high compressive loads) has been described by Thompson et aI 
[9J. The Teflon specim~n is in the form of a ring 0.25 inches wide and two inches outside 
diameter. It is in contact with a polished stainless sted plate that is compressed by a press. 
Sliding is imposed by rotation of the steel plate. The coefficient of friction is obtained from the 
vertical force and the torque needed to maintain motion. in deriving a relation between the 
frictional force and torque, it was assumed that friction is independent of velocity. The device 
was used to obtain values of the sliding coefficient of friction (value needed to maintain motion) 
at speeds of about 0.1 in/sec. 

Thompson et. aI. [9] have reported the sliding coefficient of friction of unfilled Teflon in contact 
with stainless steel of surface roughness of about 2Jlin RMS (0.05I1m). Most of the other data on 
friction in duPont publications is of Teflon sliding against Teflon and at light loads. This data is 
useful in the design of mechanical bearings. In these applications of repetitive sliding, Teflon is 
transferred to the metal surfaces which are quickly coated with Teflon. Thus, the condition in 
actual practice is that of Teflon sliding against itself. 

A significant amount of data on friction of Teflon-steel interfaces under conditions of interest in 
bridge applications has been generated in more recent years. Taylor (] 0] has conducted a 
comprehensive series of tests on unfilled and filled (glass, graphite, carbon and molybdenum 
disulphide) Teflon sliding against stainless steel. Bearing pressure was between 1,000 and 5,800 

psi (1 to 40 N/mm2) and maximum speed was less than 3 in/hr. Coefficients of friction were 
determined after running-in the interfaces as maximum load. This has an effect of reducing the 
coefficient of friction. There are practical difficulties in running-in quantities of bearings for this 
purpose. 

Other test programs have been conducted in the U.S., England, Germany and South Africa and 
have been reviewed in Reference 11. The maximum speed used in these laboratory tests is 0.1 
in/sec [11,12]. This speed is well below the speeds expected to occur during earthquakes. 

Tyler in New Zealand f 131 was the first to conduct tests on unfilled Teflon-steel interfaces under 

pressure of 1,100 to 4,3OG psi (7.6 to 30 N/mm2) and peak velocity (sinusoidal motion) of 2.5 to 
almost 15 in/sec. At each pressure level, only two or three tests were conducted at different 
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velocities. The stainless steel surface was polished to a finish of 2 to 6j.lin Q.A (0.05 to 
0.15J.lIIl). 

Constantinou ct. al. [8] have obtained indirect measurements of the sliding coefficient of friction 
(value needed to maintain motion) of unfilled Teflon-steel interfaces during shake table testing of 
a model. The studies of Tyler and Constantinou. while useful in understanding the behavior of 
these interfaces under earthquake conditions, have been limited to a small number of tests that 
precluded the development of mathematical models that could describe the behavior of Teflon
steel interfaces. 

The experimental program described in this report has been designed to provide as much infor
mation as necessary to develop mathematical models of the behavior of Teflon-steel interfaces. 
The objective. of course. is the application of these results in the analysis and design of sliding 
isolation systems in building and bridge structures. The concentration has been on the frictional 
characteristic:.. The effects of bearing pressure, sliding velocity, type of Teflon and surface 
finish of stainless steel have been studied. Furthermore, in a limited number of tests, the effects 
of type of test, acceleration at sliding interface and size of specimen have been studied. 

More than 160 tests have been conducted at bearing pressure of 1,000, 2,000, 3,000, and 6,500 

psi (6.9, 13.8, 20.7 and 45 N/mm2) and sliding velocity of 0.1 to about 20 in/sec. Unfilled and 
glass filled Teflon (at l~% and 25% composition by weight) were tested against stainless steel 
polished to mirror finish. The tests were conducted with the direction of sliding either parallel or 
perpendicular to the surface lay (direction of predominant surface pattern) that resulted in two 
effective degrees of surface finish. The obtained results have been utilized in the development of 
a mathematical model of uni-directional friction. 

The tests have been conducted with a specially designed test arrangement that is capable of 
developing up to 250 kips of compressive force over prolonged intervals of time. The arrange
ment may be used to study the effect of adhesion that may develop over prolonged compression 
of Teflon-steel interfaces. 
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SECTION Z 
BASE ISOLATION SYSTEMS 

The concept of aseismic base isolation is one in which a building is uncoupled from the damag
ing horizontal components of ground motion by a mechanism that provides flexibility and energy 
absorption capacity. 

The idea of supporting the building and letting the ground move underneath is so appealing that 
many inventors proposed devices to achieve this result as early as the beginning of this century. 
Almost all of these inventions remained unimplemented until the 1950's. when multilayer 
elastOIl"eric bearings were developed. A system with no horizontal restraint such as the one 
described above has. in practice. to accommodate frequently occurring service loads such as 
minor earthquakes, wind and braking forces in bridge applications. A practical system usually 
consists of the following elements [14, 15]: 

1. A horizontally flexible mount which lowers the fundamental frequency of the system 
below the predominant ground motion frequencies. 

2. Additional damping to keep displacements within acceptable limits, 

3. A mechanism to provide rigidity under frequent service loads, and 

4. A fail-safe system that is activated in extreme situations when the flexible mount is 
about to fail (a second line of defense). Some isolation systems combine the fIrSt 
three of these elements in a single device. 

Design codes require that earthquake forces ~ absorbed by the structural system through inelas
tic action which lengthens the period of the system and increases its energy dissipation capacity. 
This inelastic action is concentrated at beam-column connections and relies heavily on connec
tion details or confinement and reinforcement details in concrete structures. This action involves 
damage, both to the structural system and non structural components. The paTlldox with this 
approach is that safety is ensured by allowing damage. It is acceptable because of its econom.i~ 
benefits in reducing construction costs. However, earthquakes have other cost impacts such as 
repair and disruption costs after an earthquake, earthquake insurance premiums and potential 
liability for losses and injuries. 

The base isolation alternative reduces the forces transmitted to the structure and limits any 
inelastic action in a specially designed replaceable system that is placed between the building and 
its foundation. It provides a level of performance well beyond the normal code requirements 
with potential for substantial life-cycle cost reduction. 
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Isolation systems that either found application in modem structures or are at a stage of develop
ment that promises application in the future are described in the paragraphs below. They are 
classified as elastomeric bearing systems. sliding systems. sliding systems with restoring force. 
and other systems. 

2.1 Elastomeric Bearing Systems 

Elastomeric bearings provide the simplest method of isolation. Like elastomeric bridge bearings. 
they are made by bonding sheets of rubber to thin steel plates. The steel reinforcement increases 
the compressive stiffness of the unit while maintaining the desired low horizontal stiffness. 
Thirty years of experience with bridge rubber bearings has provided cc 1fidence in their longevity 
and reliability [16]. 

Damping that is inherent in usual rubber compounds as well as neoprene is rather low for use in 
aseismic isolation. Research in New Zealand resulted in the development of several energy 
dissipatoT'i that could enhance damping in elastomeric bearing systems [14]. Of these. the 
lead-rubber bearing is one of the most highly developed systems. This system is used in a 
4-story building in New Zealand and about 40 bridges in New Zealand, Italy and the United 
States Four mme buildings have been constructed or are under construction in Japan [17] and 
one more has been recently rehabilitated by lead-rubber bearings in the U.S. (Salt Lake City 
Hall). 

A considerable amount of theoretical and experimental research has been carried out on the 
lead-rubber bearing. Concentrating only on the experimental work. the authors refer to shake 
table testing of large scale models of building structures and bridges carried out at U.c. Berkeley 
[18. 191 and a comprehensive series of tests on such bearings in New Zealand [20]. The last 
series of tests revealed a problem of substantial reduction in energy dissipation with reductions in 
the load carried by the bearing. The tests also showed a deterioration of damping properties with 
the number of cycles caused by fracture of the lead plug. Mitigation of these problems was 
achieved by confining the lead plug by coils or steel washers [21] and by reducing the thickness 
of individual rubber layers [22]. 

The rubber used in the bearings of the Foothill Conununities Law and Justice Center in Califor
nia. the first major base-isolated structure in the U.S. [23]. has a high degree of inherent damp
ing. making it ideal for aseismic isolation. The shear modulus of this natural ntbber compound 
decreases from a large value at zero strain to about 130 psi at 50% strain. At this strain. the 
effective damping is about 10% of critical [24], The high initial stiffness is invoked only in wind 
load design. At 50% strain. the shear modulus is about the same as that of the usual natural. 
rubber hardness 50 but with twice as much damping. Natural rubber of hardness 50 is used in 
lead-rubber bearings. Furthermore. the acceptance of this system by officials in California was 
primarily due to the substantial experimental evidence of good behavior of elasto:neric bearing 
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systems. Almost all of this experimental work has been carried out by Professor Kelly at U .C. 
Berkeley. This work, in addition to providing unambiguous evidence of the validity of the 
concept. resulted in the development of a fail-safe system and a method of controlling uplift [25]. 

Despite the rather low degree of damping that is inherent in usual rubber compounds, conven
tional reinforced rubber bearings have been used in the earthquake protection of a school build
ing and a three-story radioactive waste storage building in France [26,27]. This system carries 
the trade name GAPEC, and has been more recently applied to several houses in France. 
However, mild steel rods have been added for additional damping (28]. 

Considerable interest in aseismic base Isolation by elastomeric bearing systems has developed in 
Japan [17]. Twenty-three structures have been constructed or are under construction on isolation 
systems. All but one of these single to ten-story buildings use elastomeric bearings and some 
additional energy dissipators in the form of steel bars or lead-rubber bearings. One structure is 
on a sliding isolation system. 

The type of unreinforced rubber bearing used in the construction of a school building in Yugos
lavia in 1969 has reappeared under the code name SEISMAFLOAT [29]. Tests were performed 
with a large-scale model structure at Berkeley under simultaneous vertical and horizontal table 
motion. Some degree of isolation in the venical direction was evident in these tests. However, 
the model structure was not excited in the rocking mode and no observations were made as to its 
performance under these conditions. Analytical studies on the behavior of isolated structures that 
exhibit vertical and horizontal flexibility showed an increase both in the force imparted to the 
proper structure and in the displacement when R-wave type of excitation was used (as compared 
to vertical incidence) [30]. This subject warrants further investigation. 

Recently, there has been a substantial amount of research into understanding the behavior of 
elastomeric bearings. Of panicular interest are studies on the effect of reinforcement flexibility 
on the buckling load [31] and studies on overturmng displacements of dowelled bearings [32]. 
Funhermore, many analytical studies have been performed on the response of systems with 
torsional and vertical-rocking coupling [33, 34] and on soil-structure inteJ1lction of structures on 
elastomeric bearings [35-38]. Comparison studies of the behavior of isolation systems have also 
been performed [39]. 

2.2 Sliding Systems 

Spie-Batignolles (SBTP) and Electricite de France (EDF) developed a sliding-elastomeric 
isolation system for nuclear power plants [40]. This system has been developed to provide 
protection, regardless of the area seismicity, to standardized power plants designed for a seismic 
input of O.2g peak acceleration. The system uses laminated neoprene bridge bearings with lead 
bronze-stainless steel sliding plates on top of each bearing. In principle, it is identical to the 

2-3 



TFE-elastllmeric expansion bearing [41 J except for the frictional interface. This interface 

provides a friction coefficient of 0.2 that is consistent with the 0.2g design of the power plant. A 

nuclear power plant in South Africa has been built on this system. Another nuclear power plant 
in Iran was scheduled to be built on the EDF system when construction was halted due to the 

revolution and the Iran- Iraq war. Two more plants were constructed in France but without the 
sliding plates. Isolation was provided only by the elastomeric bearing part of the system. 

The EDF system is a ~ighly developed and very expensive system. This cost, however, is 

justified in that it allows a standardized plant to be constructed at any site regardless of its 
seismicity. It is unlikely that this system will find application in other types of structures. 

Theoretical studies on the behavior of purely sliding isolation systems have been numerous [39, 

42-45]. 

2.3 Sliding Systems with Restoring Force 

Elastomeric bearing systems provide isolation by the use of seee1-rubber units that also support 

the weight of the structure. Prime consideration in the design of these units is stability under 

extreme lateral displacement. The properties of elastomeric bearings, stiffness and damping 

capacity, are affected by variations in the load they carry. Furthermore, these systems are 

sensitive to the frequency content of the ground ex.citation. 

Isolation systems have been proposed that decouple the functions of carrying the vertical load 

and of providing the necessary horizontal stiffness. Five such systems have been described, all 
utilizing Teflon-steel interfaces for carrying the vertical load. These systems are the Earthquake 
Barrier System {46], Alexisismon {47], TASS [48], R-FBI [49] and Wabo-Fyfe Earthquake 

Protection System [50]. 

The Earthquake Barrier System uses woven Teflon-steel interfaces under very high pressure 
(about g,()(X) psi) in an attempt to reduce friction to very low levels. Restoring force and energy 

absorption capacity are provided by a combination of high friction interfaces and steel beams 

designed to yield in bending. The Alexisismon uses pot bearings and cylindrical ne(lorene 
springs for centering force capability. These springs are allowed to slide at one end in a sleeve 

while the other end is fixed. The TASS system uses TFE - elastomeric bearings and cylindrical 

neoprene springs with both ends fixed to metal plates. The R-FBI system utilizes a stack of 

Teflon coated steel plates with a central core of rubber. The rubber core carries no vertical load 
and provides the needed horizontal stiffness. A steel rod is embedded in the rubber core for 

uniform distribution of displacement along the height of the bearing. The Wabo-Fyfe system 

uses Teflon-disc bearings [51J and a specially designed displacement control device for provid

ing centering force and energy dissipation capability at an adjustable level. The system has been 

proposed for the protection of bridges. 
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Theoretical evaluations of sliding systems with restoring force have been too numerous to be 
referenced. All of these theoretical evaluations have been based on Coulomb's law of friction 
despite experimental evidence that Teflon-steel interfaces do not obey this law [5, 8, 13]. 

An implementation of the TASS system has been reported in Reference 17. Infonnation on this 
structure is provided in Section 3 of this report. 

2.4 Other Systems 

One system that does not fall in the previous categories uses helical steel springs and viscous 
dampers and carries the code name GERB [52J. Flexibility and energy absorption capacity may 
be provided in all directions. The properties claimed for this system are identical to those of the 
SEISMAFLOAT system. Shake table testing of the GERB system has been conducted in 
Yugoslavia and there is one known implementation at a diesel power station in Taiwan [52]. 
Both GERB and SEISMAFLOAT systems appear to be appealing to the nuclear industry [17, 

53J. 
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SECTION 3 
REVIEW 01<' DOMESTIC AND FOREIGN PRACTICE ON TEFLON BEARINGS 

The design of sliding isolation systems that utilize Teflon-steel interfaces depends largely on our 

knowledge of the frictional properties of these interfaces. 'This knowledge is reflectrd. usually 
with some delay. in applicable codes and specifications. 

New Zealand is the only country which has included a clause in its sta- ·dards that allows the use 
of aseismic base isolation (eg. reference 54). Seismic isolation deslgll requirements are under 

preparation in the U.S. [55J and Japan [17J. The use of sliding isolation systems is specifically 

allowed in Reference 55. This document provides general design requirements that are applica
ble to many isolation system ... A formula is presented that attempts to provide an estimate of the 

lateral displacement at the isolation interface. In this formula. the displacement is related to the 

damping coefficient in the isolation system. There is particular difficulty in obtaining an equiva
lent damping coefficient for sliding systems. In such cases. the document recommends the use of 
time history analyses for determining the design forces and displacements. Time history analy
ses require the availability of sufficient test data. otherwise major design alterations may be 

necessary at tlte completion of tests prior to construction. Of course. base isolation is in its 
infancy and as experimental data and experience accumulate. standardized design procedures will 
be developed. 

The authors anticipate that design specifications for Teflon bearings in base isolation applications 
will be largely based on existing specifications ::In the design of Teflon bearings in bridgr ap
plications. Three types of bearings that utilize Teflon and which are commonly used in bridge 

applications are shown in Figure 3-1. They are the pot. disc and TFE-elastomeric bearings. It 
should be n:lted that all three types are utilized in the sliding isolation systems described in 
Section 2. Of interest in base isolation are those versions of these bearings that allow rotation, 

longitudinal and transverse motion in (he bearing plane. 

Pot bearings allow rotation by the elastomeric rotational part that is confined and sealed by a 

.. teel piston and a steel base pot. The rotational capability in the disc bearing is provided by a 
disc of high strength synthetic rubber (adiprene). Motion of the disc is restricted by a shear 

restriction mechanism. In the TFE-elastomeric bearing. the rotational capability is provided by 

the supporting plain or steel reinforced elastomeric bearing. This element provides limited lateral 

tlexibility even when the Teflon-steel interface does not slide. The rotational capability is 

needed :n preventing excessive local stresses on the Teflon sliding surface. In all three types of 
bearings the longitudinal and transverse motion capability is provided by a Teflon-stainless steel 

interface. The condition of this interface is important as it dictates the transmission of force to 

the superstructure. Various specifications and codes in (he United States and abroad provide 

guidelines for the selection of materials for this interface and the conditions under which it 

should operate. 
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Specifications for sliding Teflon bea';ngs and specified minimum friction coefficients in bridge 

applications are summarized in Tables 3-1 and 3-II. The specifications reviewed were the 

AASHTO [1]. Standard Specifications of the State of New York [56]. California Standard 
Special Provision [2. 57], Ontario Bridge Design Code [581. Ontario Provincial Standard 
Specification OPSS 1203 [59]. British Standard B55400 [60J and German DIN 414], Pan 12 

[61J. The Ontario Provincial Standard Specification OPSS 1203 does (lot supersede the Ontario 
Bridge Design Code but will eventually become part of it when it is revised. The German DIN 
4141. Part 12 has not been completed. TIle infonnation presented in Tables 3-1 and 3-11 has been 

extracted from Reference 61. It should be noted that in general, the Gennan procedure for the 

design of bridge bearings relies on extensive testing of standardized bearings by competent 
manufacturers and on rigorous quality control checks. 

It is apparent in Tables 3-1 and 3-11 that considerable differences exist between various specifica
tions. In general. the specified type of stainless steel is one of high resistance to corrosion. 

However. there is substantial variation in the specified roughness of the stainless steel surface. 
At this poim. it is appropriate to briefly discuss specific aspects of surface texture. The subject of 
surface texture is covered by an ANSI Standard (62). A comprehenSive treatment of surface 

texture has been presented in Reference 63. 

A surface exhibits a combination of three characteristics: roughness, waviness and form error. 
Roughness represents the irregularities which art' inherent in the production process. Waviness 

is the component of texture upon which roughr.ess is superimposed. Form error is the depanure 

from the intenderl shape of the surface. The above distinctions are qualitative and are not ex

pressable as a number. In measuring roughness, one has to distinguish between Toughness and 
waviness. This is done by specifying a value of irregula .... ity spacing below which the ir
regularities represent roughness and above which they become waviness. In practice, this is done 

by specifying a cutorr on the electrical response characteristic~ of the roughness measuring 

instrument (electrical filtering). When a cutoff of 0.8 rnm is selected, the insmlrnent records only 
those irregularities having a spacing of 0.8 mm or less. This length is denoted by the symbol 

Bmu (termed as meter cutoff or cutoff length). The selection of Bmu depends on the finishing 

process and the important characteristics of texture. 

The roughness of a surface is assessed from a filtered profile of the surface that is obtained by 

moving the recording instrument over a certain length. This length is related to Bmu' The 

profile is used to obtain a single number that describes roughness. Two well known parameters 
for assessing roughness are the Arithmetic Average (AA) on Center Line Average (eLA) thaI is 

denoted by the symbol R. and the Root-Mean-Square (RMS) Roughness that is denoted by the 

symbol Rq• 

3-3 



Table 3-1 Specifications for Sliding Teflon Bearings 

Specification Type of T etlon Type of Maximum Maximum 
Stainless 51eel Surface Rough~ .. s! Bearing Pressure 

~in(~m) psi ~/mm2 ) 

Unfilled ASTMA240 20 (0.5) Unfilled Recessed 3500 (24.1) 
Filled Type 304 RMS(Rq) Unfilled not Recessed 2000 (13.8) 

AASHTO(I) Woven Filled 3500 (24.1) 
Woven 3500 (24.1) 

Standard Spec. Unfilled ASTM A167 Degree NO.8 
of the State of Glass Filled at 150/0 or 10 (0.25) NOI Specified 
New York (56) Carbon Filled al 25% A5TM A240. RMS(Rq) 

(by weight) Type 304 

California Unfilled ASTM A240 3 (0.076) 
Standard Special Type 304 RMS(Rq) Not Specified 
Provision {2. 571 plus 

Lubrication 

Ontario Bridge Unfilled and ASTM A167 10 (0.2!'i) 
Design Code (58 Filled (58) Type 304 AA or CLA (R. ) 4300 to 6500 (30 to 45) 

IOPSS 1203 [59) Unfilled Of 

On'Y with Better 
lubrication (59) 

B55400 (60) Unlilled Grade 316516 6 (0.15) 4300 to 6500 (30 to 45) 
Filled BS 970. BS 1449 AA or CLA(R. ) 

DIN4141. Unfilled and High Ouality lJnknown. 8700 (60) 
Part 12 (61) Possib'Y Filled P"II ut ion Polishing and Under Certain 

Resistant Lubrication Conditions 
Required 
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Table 3-11 Specified Minimum Coefficient of Friction 
For Teflon Steel-Interfaces In Bridge Applications 

Specification Condition of Interface Bearing Pressure Minimum Coefficient 
psi (N/mm2) of Friction 

Unfilled or Woven Teflon in SOO (3.45) 0.08 
conlact with stainless steel 2000 (13.8) 0.00 
as specified in Table 1 3SOO (24.1) 0.04 

AASHTO[I] 
Filled Teflon in contact with SOO (3.45) 0.12 
stainless steel as specified 2000 (13.8) 0.10 

in Table 1 :1500 (24.1) 0.08 

Standard Spec. Measured value shall 
of the State not exceed 75% of 
of New York (56] design value 

California Measured breakaway 
Standard Special value shall nOl 
Provision [2, 57) exceed design value 

Ontario As specified in Table 1 1450 (10) 0.06 0.12 
Bridge Design 2150 (15) 0.05 0.10 
Code [58] 2900 (20) 0.04 0,08 

3600 (25) 0.03 0.07 
4350 (30) 0.03 0.06 

above 4350 (30) 0.03 0.06 
(unfilled) (filled) 

OPSS 1203 [59] As specified in Table 1 1450 (10) 0.06 
(unfilled with lubrication) 3600 (25) 0.03 

above 3600 (25) 0.03 
interpolation acceptable 

B55400(60) Unfilled sliding on stainless 725 (5) 0.08 
steel as specified in Table 1 1450 (10) 0.06 
with continuous lubrication ~900 (20) 0.04 

4350 (30) 0.03 
above 4350 (30) 0.03 

without lubrication 725 (5) 0.16 
and in the absence of test 1450 (10) 0.12 

data 2900 (20) 0.08 
4350 (30) 0.06 

above 4350 (30) 0.06 

OIN 4141. Sliding bearings in Germany require product approval by a competent 
Part 12 (61) construction authority after extensive testing. 
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In both parameters, the quantification of roughness requires the definition of a datum to which 
m~asurements are related. This datam is defined as the center line, that is a straight line within 
the profile such that the sum of the areas enclosed by the profile above the center line equals the 
sum of those below it. R. is defined as the arithmetic average value of the departure of the 

profile from the center line. Rq is the root-mean-square parameter corresponding to R •. R. is the 

most widely used parameter. Conversion of R. to Rq depends entirely on the shape of the profile. 

Often the ratio R/Rq equal to 1/1.1 is used. This is based on the assumption of sinusoidal 

profile. In many practical applications, R. and Rq values are regarded identical. It should be 

noted that the R. and Rq values are meaningless unless the meter cutoff (Bmu) is quoted. 

Other roughness parameters which are used in other countries are the maximum peak-to-valley 
height within one sampling length, Rti , the largest Rti value within the evaluation length (usually 

five times the sampling length), Rm&ll or Ry and the mean value of all Rti values obtained within 

the evaluation length, R\m or Rz (DIN). All three parameters are obtained from the unfiltered 

profile of the surface. They are used in Germany and Japan. 

The values of roughnest: listed in Table 3-1 vary from 3 to 20J,lin RMS or AA which is a substan
tial variation. Only the State of New York specIfies how stainless steel should be polished. It 
specifies a degree of No. 8 that is the most reflective finish that can be produced by common 
commercial means (mirror finish). 

The minimum coefficient of friction specified by various specifications (Table 3-11) also exhibit a 
substantial variation. Consider, for example, the case of unfilled Teflon sliding against stainless 
steel without lubrication at a pressure of about 3,500 psi. AASHTO specifies a coefficient of 
friction of 0.04, the Ofltario Code specifies 0.03 and BS5400 specifies 0.07. The differences are 
substantial when considering that AASHTO specifies a roughness value that is about three times 
rrore than that of BS5400. A three-fold increase in roughness may result in a three-fold or more 
in.:rease in friction [3). This example illustJates the limitations of our understanding of the 
bt-'1avior of sliding Teflon bearings. 

As discussed earlier, all of the theoretical studies on the behavior of sliding isolation systems 
have used Coulomb's model of friction in which the coefficient of friction was either parametri
cally varied or selected from available data. Of panicular interest are the material specifications 
and frictional properties of Teflon-steel interfaces in the known application of the TASS system. 

The Technology Research Center of Taisei Corpc.ation, Japan, was under construction in June 
1988 when one of the authors visited the construction site. The structure is a reinforced concrete 
fOUT-stOry building which weighs 2200 tons (see Figure 3-2a). The isolation system consists of 
eight TFE-elastomeric bearings (Figure 3-2b) and eight Neoprene horizontal springs (Figure 
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FIGURE 3-2a Technology Research Center of Taisei Corporation Under 
Construction in June 1988 
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FIGURE 3·2b TFE·Elastomeric Bearing 

FIGL'RE 3·2c Neoprene Spring 

3-q 



3-2c). The average pressure on the sliding bearings is about 1000 psi (6.5N/mm2). This is a low 
value for Teflon-steel interfaces but nonnal for the elastorneric part of the bearing that supports 
the Teflon-steel interface. 

Tests on Teflon-steel interfaces were conducted at sliding velocities of 2 to g in/sec. The Teflon 
was filled (unknown composition) and the surface roughness was 2IJm in the Rmu or Rz scale 

(from personal communication at the site, Reference 17). This corresponds to about 0.05 to 

O.5lJm in the R. scale (AA). At about 3,500 psi pressure (25N/mm2
), the recorded coefficient of 

friction was 0.075 for velocities between 2 and 8 in/sec (this was probably the sliding rather than 
the breakaway value). The same interface exhibited a friction coefficient of 0.05 at about 7000 
psi pressure and about 0.12 at about 1800 psi pressure. These values were recorded at a velocity 
of 4 in/sec. The results agree quite well with the results for glass filled Teflon at 1"~ by weight 
composition. It could not be determined whether Taisei conducted tests at velocities below 2 
in/sec. As it will be shown l:lter, the coefficient of friction drops substantially at lower velocities. 
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SECTION 4 
EXPERIMENTAL WORK 

This report has demonstrated that a comprehensive set of experimental results on the frictional 
propenies of Teflon-steel interfaces under conditions of interest in base isolation is lacking. In 
order to obtain infonnation of practical interest. a series of laboratory experiments were designed 
and conducted. The specific purpose of these experiments was to establish a database of fric
tional properties of Teflon-steel interfaces for use in the design of baSt'-isolated structures. 

4.1 Materials 

The materi;t1s used in the experiments were as follows: 

1. Unfilled and glass filled Teflon at compositions of 15% and 25% by weight. The 
material was virgin (not reprocessed) and in sheets of 1/8 inch thickness. It was cut 
into circular shapes of 10 and 5 inches diameter. Both surfaces were smooth (without 
recesses), One surface was chemically etched for bonding to steel. They were 
supplied by manufacturers in the Buffalu area. 

2. Stainless steel plates of 12 x 26 inches dimensions and 0.063 inch thickness. The 
stainless steel conforms to ASTM A-240. type 304 requirements. It was commer
cially polished to a No. 8 degree. The direction of predominant surface pattern 
(surface lay) was either parallel or perpendicular to the long dimension of each plate. 
Surface roughness measurements were obtained with a Surtronic 3P instrument with 
the cutoff length Bmax set at 0.8 mm and the traverse length set at 4.5 mm. Several 

measurements were obtained which systematically gave an R. value of 0.03 .... m in the 

parallel to lay direction and O.04~m in the perpendicular to lay direction. The stylus 
tip radius of the instrument was S .... m which may have resulted in an underestimation 
of the Ra value by about 50% [63\. The use of a 2.5j.lm radius stylus could have 

resulted in an underestimation by about 25%. As such, the actual R. value in both 

directions is less or equal to O.07IJ.m. It satisfies the requirements of all specifications 
listed in Table 3-1. 

3. Adhesive material consisting of a two-part formulated epoxy resin. It was supplied 
by the Teflon manufacturer. 

4.2 Testing Apparatus 

The testing apparatus is schematically shown in Figure 4-1. A central steel plate of 1/2 inch 
thickness is faced with stainless steel plates and sandwiched between two Teflon sheets of 10 
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inch diameter. The Teflon sht'ets are recessed into a 1/16 inch recess in two heavy 2 inch thick 
steel plates. The Teflon-steel interface is surrounded by a massive arrangement that prevents any 
rigid body motion of the two heavy steel plates. The arrangement is compressed by either 4 or 6 
prestressing rods. The force in the rods is measured by load cells. This force can safely reach 
values of more than 60 kips in each rod. The arrangement is attached to the floor and a reaction 
concrete block while the steel central plate is attached to a 110 kip MTS actuator. 

The various parts of the testing apparatus are illustrated in Figure 4-2. Figure 4-2a shows the 
central steel plate which is faced wit.1t polished stainless steel. The degree of finish is evident in 
the high reflectivity of the plate. Figure 4-2b shows one of the two heavy steel plates with a 10 
inch diameter Teflon sheet bonded in the 1/16 inch recess of the plate. The two heavy plates are 
shown in Figure 4-2c surrounding the steel central plate. The motion restrainers of the heavy 
plate are visible. Figure 4-2d shows two reinforced heavy tubes that transfer the normal load to 
the Teflon-steel interface and the prestressing rods for developing the normal force. Figure 4-2e 
shows the washer load cells for measuring the force in each prestressing rod. 

The instrumentation consists of 4 or 6 washer load cells for measuring the force in each 
prestressing rod, the LVDT and load cell of the actuator, an accelerometer to measure the ac
celeration of the central steel plate and a thennocouple that was embedded in the central steel 
plate. It is located 0.063 inch below the interface which allows for reliable measurement of the 
temperature of the Teflon-steel interface. 

An alternative version of the apparatus was used to test 5 inch diamC'!ter specimens at very high 
pressures. The 5 inch diameter specimens were recessed in two steel plates of 10 inch diameter 
which in turn were placed in the 10 inch diameter recesses of the two heavy steel plates. 

A particular characteristic of the test apparatus is the way by which the nonnal force is 
developed. Normal force may be maintained for prolonged periods of time which is very impor
tant in evaluating any adhesion of the interfaces that may develop over time. At the conclusion 
of the tests reponed herein in May 1988. the arrangement has been prestressed at 160 kips 
nonnal force and stored. It will be tested after several months to detennine the effect of adhesion 
on the breakaway coefficient of friction. 

4.3 Specimen Preparation and Test Method 

The stainless steel plate was attached to its backing plate by bolts at the two ends and along the 
shon dimension of the plate. Initially, the stainless steel plate was bonded and bolted to its 
backing plate. However, replacing the plate became a problem and bonding was discontinued. 
In practical applications, the plate is attached by continuous welding. 
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FIGURE 4·2c Tenon·Steel Sandwich 

FIG URE 4·2d Complete Arrangement 
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Bonding of the Teflon sheets within the recesses of the backing ; ~avy steel plate was perfomled 
according to the following procedure. The steel plates were thoro.!ghly cleaned, degreased and 
dried. The epoxy adhesive was prepared and unifonnly applied with a spatula on the steel 
surface. The Teflon sheets were atta~hed to the two steel plates and the whole arrangement was 
compressed by a hydraulic machine as shown in Figure 4-3, under the test nonnal load and for 
about 14 hours (overnight). This resultoo in a smooth surface without bubbles. 

A set of about g tests was c'Jnducled each day, all at the same nonnal load. The Teflon sheets 
were then removed and fresh C':tes were attached and compressed overnight. This cycle was 
continued with only a few interruptions. In these interruptions. the interface was allowed to relax 
unloaded for about 24 hours before resuming testing. 

The tests were conducted according to the following procedure. Motion of the central steel plate 
was imposed by the actuator and recordings of the force needed to initiate and maintain this 
motion were made. This is the frictional force from two identical Teflon-steel interfaces. In 
most of the tests, the motion was sinusoidal with specified amplitude and frequency that resulted 
in peak velocities of sliding between 0.1 and about 20 in/sec. Furthennore, a number of tests 
were conducted with constant velocity type of motion (sawtooth displacement). The two types of 
experiments resulted almost identical results for the same peak velocity of sliding. 

There was significant transfer of Teflon flakes to the stainless steel plates as evident in Figure 
4-4. The fonnulation of debris along the sliding path is apparent. Teflon flakes could also be 
seen on the Teflon sheets. Figure 4-5 shows an unfilled Teflon sheet after testing at 6,500 psi 
pressure :u.d sinusoidal modon of peak velocity of 19.9 in/sec (test #160). The picture shows 
the formation of wear debris at the perimeter (top right side). This rather considerable wear was 
observed after 80 inches of travel at the very high pressure of 6,500 psi. The fonnation of a thin 
Teflon film on the stainless steel plate resulted in substantial reduction of the frictional force 
transmitted through the interface (equivalent to running-ill the interface). Furthennore. it was 
observed that in the case of glass-filled Teflon, very fine steel panicles were transferred from the 
stainless steel plate to the Teflon surface. This resulted in a very smooth. like polished, surface. 
At th~ conclusion of each test, the stainless steel plate and Teflon sheet were cleaned to maintain 
their original condition. The surf .. .:e of glass-filled Teflon was refinished with a sharp instru
ment. Furthermore, sufficient time was allowed between experiments for thorough cooling. 

Two important observations were made that have significant influence on the recorded frictional 
force: (a) The frictional force recorded at low sliding velocity following a high velocity test was 
higher than the original value recorded on a fresh interface, and (b) the frictional force reco,·ded 
at low bearing pressure following a test at high pressure was higher than the original value. 
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FIGURE 4-3 Tenon Sheets and Backing Plates in Hydraulic Press 
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FIGURE 4-4 Teflon Flakes on Slider After a High Velocity Test 
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FIGURE 4·5 Formation of Wear Debris in High Pressure, High Velocity Test. Observe 
Debris at Upper Right Corner 
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An explanation for the first observation which probably applies for both cases was given by 

Flom and Porile [7]. Frictional heating of the interface may cause degradation of Teflon. 

Another explanation may be the possibility of orientation of Teflon which may have an effect on 
its strength properties and surface energy. 

Based on these observations. it was decided to use fresh Teflon for each set of tests. These tests 
were conducted at the same pressure and in increasing order of peak sliding velocity. 

4.4 Identification of Experiments 

The following notation is used to identify the various conditions of testing: 

UF 

15GF 
25GF 

SIN 

CV 
CVR 
P 
T 

Unfilled Teflon 

Glass filled Teflon at 15% composition by weight 
Glass filled Teflon at 25% composition by weight 

Sinusoidal test 
Constant velocity test 

Constant velocity test with initial build-up 
Sliding parallel to lay 

Sliding perpendicular to lay 

For example. the designation 

UF 80: 2000 PSI: SIN: O.32HZ: 2": P 

identifies the No. 80 test which was conducted 011 unfilled Teflon at 2,000 psi pressure. Motion 
was sinusoidal of 2 inch amplitude and 0.32 Hz frequency and in the direction parallel to the lay. 

4.5 Results 

Tests were conducted at pressures l,f LOOO, 2,UOO, 3,000 and 6.500 psi (6.9, 13.8, 20.7, 44.9 

N/mm2) and peak sliding velocity of 0.1 to about 20 in/sec. The direction of sliding was either 
parallel or perpendicular to the lay. The tests on glass filled Teflon were conducted only with the 

direction of sliding parallel to the hy. The tests at 1,000, 2,000 and 3,000 psi pressure were 

conducted with 10 inch oiameter specimens while the tests at 6,500 psi pressure were conducted 

with 5 inch diamel~r spel;imens. 

Representative frictional force-displacement loops are shown in Figure 4-6 (force from two 

interfaces). Both tests (No. 80 and 81) were conducted on unfilled Teflon, at 2,000 psi pressure 

and 2 inch amplitude. The first is a sinusoidal test while the second is a conslant velocity test. 

Different frequencies were used in order to achieve the same peak velocity of 4 in/sec. It is 
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apparent that the two loops are almost identical. Figure 4-7 shows the input displacement 

histories in the two tests. Figure 4-8 shows the time histories of the interface temperature and of 
the total nonnal force (sum of forces in the four prestressing rods) in test No. 81. The tempera

ture, as in all tests, increases almost linearly with time. The normal force remains practically 

constant. 

The recorded frictional force was used to extract variou!> frictional characteristics of interest. 

These are defined with reference to Figure 4-9. The frictional force at initiation of sliding upon 

division by the normal force results in the coefficient of breakaway friction, IlB. This value of 

the coefficient of friction is also known as static friction. The value of the coefficient of friction 

at reversal (during reversal of motion a temporary sticking of the interface occurs) is given the 

symbol IlR' The value of the coefficient of friction at peak velocity is the sliding coefficienl of 

friction, ~s' which corresponds to this velocity. It is also known as kinetic friction. Subscripts 

of I, 3 and 5 are assigned to Ils, which indicate the cycle at which the coefficient corresponds. 

There is a continuous drop of the value of sliding (or kinetic) coefficient of friction with increas
ing number of cycles. Of importance to practical applications are the breakaway and maximum 

sliding coefficients of friction. The latter usually occurs at the first cycle. 

The results are summarized in Table 4-1. This table presents information on the type and condi

tions of test, materials used, the recorded values of IlB' Ilsl' Ils3' 11<5' and maximum values of IlR 

and Ils ' Furthermore, the temperature at the start and end of each test are given. It should be 

noted that the increase of temperature with time was essentially linear. 

The tests are identified by numbers 51 to 213. Frictional force-displacement loops and frictional 
force histories of thesf' .ests are presented in Appendix A. Tests 51 to 60 were preliminary tests 

that were conducted on improperly bonded Teflon sheets. In this set of tests, the adhesive was 

not uniforml~ applied. Rather, it was applied in spots that resulted in uneven distribution of 
pressure and wear. The average pressure in these tests (normal force divided by trIJe area of 
contact) was about 1,200 psi. These tests were carried out in order to determine the effect of the 

acceleration of sliding on the recorded values of friction. In this respect, the tests we.re u:.eful, 

however, they were disregarded in the calibration of mathematical models that were developed. 

A certain number of comments l:.re included in Table 4-1 which warrant further discussion: 

1. The actuator in a number of tests at high velocity did not respond to command 
(unstable operation). In some cases, the problem was significant enough such that 

certain data had to be disregarded (see Table 4-1). 
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2. In test No. 90, the interface was not cleaned prior to testing, which resulted in very 
low breakaway friction. 

3. In ty..·o cases, the actuator moved sideways (tests No. 75 and 96). It was regarded as a 
minor problem and no data were disregarded. The problem was corrected by fixing 

the actuator to the floor. 

4. In a number of tests, a phenomenon known as stick-slip was observed (tests No. 60, 
159, 169, 179, 180, 188, 189 and 198). The recorded frictional force showed a shon 
duration increase that was followed by a rapid fall. It is caused by momentary 
sticking of the interfaces. This behavior was significant only in high flUJuency tests 
(above 1Hz) except in tests No. 159, 169 and 179 which were conducted on 5 inch 
diameter specimens at 3,000 psi pressure and 0.5 Hz frequency. The possibility of 
resonance vibration of the oil column in the actuator was eliminated as only the load 
cell and not the LVDT of the actuator recorded fluctuations. Stick-slip is a quite 
unpredictable phenomenon. 

5. In almost all tests, the recorded frictional force was decreasing with increasing 
number of cycles which is due to transfer of Teflon to the stainless steel plate. The 
opposite phenomenon was observed in some tests on glass-filled Teflon. This is 
attributed to insufficient cleaning of the Teflon surface, which was not restored to its 
original condition. This is actually an imponant observation which indicates that by 
running-in a glass filled Teflon-steel interface (or by polishing the Teflon surface) the 
breakaway friction may be substantially reduced. It should be noted that the recorded 
values of fri<.;tion were of Teflon always restored to its original condition. As such, 
the presented values of friction must be regarded as high or upper bound values. 

6. Recordings of the acceleration of sliding of the central plate were made only for tests 
No. 51 to 60. The value of amplitude presented in Table 4-1 is the one recorded by 
the LVDT of the actuator. Independent recordings with a sonic displacement 
transducer were made in preliminary tests. They were identical to that of the LVDT. 
The value of peak velocity shown in Table 4-1 ''''as computed from the recorded 
amplitude and frequency. 
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Table 4-1 Summary of Experimental Results 

Test Date Time Test Teflon Sliding No. Duration Total Comments 
No. Setup Start Type Type Oiam. Direction Cycles (sec) Travel 

(in) (in) 

51 3f3 CV UF 10 T 5 10 38 Pressure in tests 51 
to 60 was approximately 

52 3f3 CV UF 10 T 5 5 18.8 1200 psi 

53 3f3 CV UF 10 T 5 20 77 

54 314 CV UF 10 T 5 10 76.3 

55 3/4 CVR UF 10 T 7 15 109 See Appendix for 
Motion History 

56 3f7 S UF 10 T 5 15 78 

57 3f7 S UF 10 T 5 12 60 

58 3f7 S Uf 10 T 5 8 40 

59 318 CV Uf 10 T 5 10 76.5 

60 318 CV UF 10 T 5 5 37.8 Stick-slip observed 
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Table 4-1 Summary of Experimental Results (Continued) 

Test Frequ- Ampli- Peak ~ ~ ~s, ~S3 ~8Ii ~ Temperature Recorded Peak 
No. ency tude Velocity (%) max ('Yo) ('Yo) ('Yo) max Start End Acceleration 

(Hz) (in) (in/s) ('Yo) (%) (OF) (OF) (g) 

51 0.5 1.9 3.8 11.76 10.43/1 11.32 8.98 8.07 11.3211 68 133 0.34 

52 1 0.94 3.76 12.15 11.75/1 t2.35 10.34 9.52 12.35/1 69 104 0.30 

53 0.25 3.85 3.85 14.20 10.60/1 12.51 8.40 7.10 12.51/1 65 164 0.32 

54 0.5 3.81 7.63 10.18 10.18/1 10.18 10.17 9.05 10.18/1 69 167 0.83 

55 0.5 3.89 7.78 11.88 10.51/1 ........ .. .. .. - ......... 10.16/1 69 240 0.81 

56 0.32 3.99 7.97 16.25 10.4611 12.48 10.13 9.20 12.4811 66 188 0.08 

57 0.42 2.99 7.95 14.80 10.77/1 12.10 9.74 8.43 12.10/1 68 170 0.12 

58 0.64 1.99 7.96 14.50 10.3211 12.22 10.79 9.69 12.2211 71 137 0.19 

59 0.5 3.82 7.65 14.38 13.00/1 , 1.95 9.70 8.37 11.9511 67 172 0.84 

60 1 1.89 7.57 12.83 8.01/1 7.46 7.94 8.06 8.0Mi 70 115 0.85 

• Index figure is cycle at which maximum was recorded 
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Table 4-1 Summary of Experimental Results {Continued} 

Test Date Time Test Teflon Sliding No. Duration Total Comments 
No. Setup Start Type Type Diam. Direction Cycles (sec) Travel 

(in) (in) 

61 3123 1.20 1.38 SIN UF 10 P 1 32 2 N_ S.S PIaIe-FIBh TFE 

62 3123 2.05 2.35 SIN UF 10 P 4 25 16 

63 3123 2.40 2.50 SIN UF 10 P 5 16 20 

64 3123 2.55 3.00 SIN UF 10 P 5 16 39.6 

65 3123 3.15 3.30 CV UF 10 P 5 10 38.2 

66 3124 3.05 3.10 SIN UF 10 P 5 16 39.6 lnl..taoe relaxed lor 24 hrI 

67 3124 3.50 4.00 SIN UF 10 P 5 16 39.6 

68 3125 9.20 9.35 SIN UF 10 P 5 10 35.5 Inlerlace relaxed lOt 17 hnI 

69 3125 10.07 10.30 SIN UF 10 P 1 32 2 Test lolowing a higher 
vebcily lest 

70 3125 10.50 11.05 SIN UF 10 P 4 25 16 Test ,.,rowing a higher 
velOc:ily lest 

71 3125 11.30 11.50 SIN UF 10 P Oar41081 

72 3125 12.50 1.07 SIN UF 10 P 5 10 39.4 

73 3125 1.20 1.30 SIN UF 10 P S 10 39.2 

74 3125 1.5'5 2.09 SIN UF 10 P 5 8.5 41.4 

75 3125 2.25 2.29 SIN UF 10 P 5 8.5 49.1 Acfualor moved aldes_ay 

76 3125 3.05 3.13 SIN UF 10 P 5 6.5 98.8 UnsIabI3 eperalk-n 

77 3128 8.40 8.50 SIN UF 10 P 1 32 2 FreshTFE 

78 3128 9.38 9.45 SIN UF 10 P 4 25 12.4 
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Table 4-1 Summary of Experimental Results (Continued) 

Test Frequ- Ampli- Peak ILe IlR Ilsl 1153 I1se Il~ Temperature Pressure 
No. "nGY tude Velocity ("to) max (%) ("to) (%) max Start End (psi) 

(Hz) (in) (inls) (%) (%) (OF) (OF) 

61 0.03 0.5 0.1 5.90 2.78/1 2.66 . · 2.6611 68 69 1000 

62 0.16 1 1 9.75 5.0813 6.60 7.02 - 6.9513 68 82 1000 

63 0.32 1 2 12.35 8.7BI1 10.50 9.55 8.90 10.5/1 68 t07 1000 

64 0.32 1.98 3.96 16.67 11.1711 1 :!.1 0 10 8.72 12.10/1 71 143 1000 

65 0.5 1.91 3.82 18.86 13.7711 12.SS 10 8.74 12.55/1 73 Hi4 1000 

68 0.32 1.98 3.96 14.03 9.8211 10.67 8.73 7.64 10.6711 sa 134 1000 -
67 0.32 1.98 3.96 13.50 9.5911 9.85 7.n 6.52 9.8511 70 156 2000 

88 0.32 1.97 3.94 10.65 7.7411 7.90 6.20 5.21 7.9011 72 164 3000 . 
69 0.03 0.5 O. I 1 I .25 3.99/1 3.94 . · 3.9411 69 71 lOW 

70 0.16 1 1 11.14 6.23/4 6.74 7.61 - 7.59/4 69 86 1000 

71 0.5 2 

72 0.5 1.97 6.19 15.06 11.43/1 11.90 10 9.27 11.9011 72 127 1000 

73 0.5 2.97 9.35 16.35 11.5411 11.74 9.53 - 11.7411 79 149 1000 

7'· 0.6 3 11.30 17.60 12.0/1 11.82 9.88 · 11.82/1 82 145 1000 

75 0.6 3.96 15.08 17.75 12.26/1 11.93 10.10 · 11.93/1 84 172 1000 

76 0.8 4.94 25.13 19.51 12.15/1 11.59 9.30 8.41 11.59/1 85 152 1000 

77 0.03 0.5 0.1 4.09 1.91/1 1.75 - · 1.7511 69 71 2000 

i 78 0.16 I 1 7.33 6.2511 6.07 5.50 · 6.0711 70 e.. 2000 

• Index figure is cycle at which maximum was recorded 
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Table 4-1 Summary of Experimental Results (Continued) 

Test Date TIme Tast Taflon Sliding No. Duration Total Comments 
No. Setup Start Type Type Diam. Direction Cycles (sac) Travel 

(in) (in) 

79 3/28 11.06 11.20 SIN UF 10 P 5 16 14 

80 3129 1.50 2.10 SIN UF 10 P 5 16 36 InIeftac. INxed lor 24 tv. 

81 3/29 2.35 2.40 CV UF 10 P 5 10 35.5 

82 3/29 2.55 3.02 SIN UF 10 P 5 10 36 

83 3/29 3.25 3.30 SIN UF 10 P 5 10 54 

84 3/29-30 3.50 8.45 SIN UF 10 P 5 10 54 "'"-non171ws 

85 3f3O 9.00 9.15 CV UF 10 P 5 6.5 52.2 

86 3130 9.30 9.50 SIN UF 10 P 5 8.5 72 

87 3130 10.20 10.50 SIN UF 10 P lowail~ 

88 3130 11.20 11.25 SIN UF 10 P 5 6.5 77.4 UMIabII cpefilion 

89 3131 10.30 10.40 SIN UF 10 P 1 32 1 Fr .. " TFE 

90 3131 10.45 11.05 SIN UF 10 P 4 25 13 InIeftace not cleaned 

91 411 9.10 9.20 SIN UF 10 P 5 16 20 

92 411 9.53 10.00 SIN UF 10 P 5 16 40 

93 411 10.25 10.45 CV UF 10 P 5 10 39.2 

94 411 11.10 11.17 SIN UF 10 P 5 10 40 

95 411 11.35 11.45 SIN UF 10 P 5 10 60 

96 411 12.05 12.15 CV UF 10 P 5 6.5 58.2 Actuator mowc:Ilideewav 
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Table 4-1 Summary of Experimental Results (Continued) 

Test Frequ- Ampli- Peak ~ 11~ I1s, I1S3 11S6 118 Temperature Pressure 
No. ency Iud" Velocity (%) max (%) (%) ('Yo) max Start End (psi) 

(Hz) (in) (in/s) ('Yo) ('Yo) ("F) (OF) 

79 0.32 1 2 8.91 6.89/1 7.27 6.17 3.21 7.27/1 73 120 2000 

80 0.32 2 4 10.12 6.69/1 6.96 5.37 4.49 6.9611 71 156 2000 

81 0.5 1.97 3.94 10.33 7.76/1 6.89 5.27 4.69 6.89/1 74 ISO 2000 

82 0.5 2 6.28 11.37 7.24/1 7.44 5.52 4.67 7.4411 n 166 2000 

83 0.5 3 9.43 12.43 7.58/1 7.50 5.41 4.47 7.50/1 78 190 2000 

84 0.5 3 9.43 14.20 8.64/1 8.56 5.81 4.70 8.56/1 74 189 2000 

85 0.78 2.90 9.12 13.61 8.7411 7.92 5.44 4.49 7.92/1 79 179 2000 

86 0.6 4 15.08 15.80 9.09/1 9.09 6.29 5.24 9.09/1 79 198 2000 

87 0.8 

88 0.8 4.30 21.61 17.35 10.58/1 B5 201 2000 

89 0.03 0.5 0.1 5.52 1.74/1 1.51 .. -- ....... 1.51/1 72 73 3000 

90 0.16 1 I 4.74 5.0112 5.39 5.41 - - - - 5.3811 72 109 3000 

91 0.32 1 2 7.40 5.78/1 6.30 5.29 4.73 6.30/1 74 134 3000 

92 0.32 2 4 8.04 6.3411 6.77 5.00 4.19 6.77/1 76 187 3000 

93 0.5 1.96 3.92 8.65 7.45/1 6.68 5.08 4.28 6.68/1 78 tElO 3000 

94 0.5 2 6.28 9.60 6.8611 7.03 5.12 4.34 7.03/1 80 187 3000 

95 0.5 3 9.43 10.32 7.12/1 7.27 5.11 4.21 7.27/1 83 220 3000 

96 0.78 2.91 9.14 10.17 8.1 I II 7.32 5.19 4.34 7.32/1 87 181 3000 
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Table 4-1 Summary of Experimental Results (Continued) 

Test Da~e Time Test Teflon Sliding No. Duration Total Comments 
No. Setup Start Type Type Diam. Direction Cycles (sec) Travel 

(in) (in) 

97 4/1 2.15 2.20 SIN UF 10 P 5 8.5 71.5 

98 4/1 2.45 2.52 SIN UF 10 P 5 f.5 77.1 Unstable Operation 

99 4/4 9.45 9.50 SIN ISGF 10 P 1 32 2 Fresh TFE 

100 4/4 10.08 '0.'7 SIN 'SGF 10 P 4 25 '6 

'01 4/4 10.3S 10.42 SIN ISGF 10 P 5 16 20 

102 4/4 11.10 l' .20 SIN ,SGF 10 P ~ 16 40 

102 414 " .SO 1'.S8 CV ISGF 1') P 5 10 394 .-
104 414 1.30 1.40 SIN ISGF 10 P 5 10 40 

105 414 205 2.1S SIN 15GF 10 P 5 '0 60 

106 4/4 2.40 2.50 SIN ,SGF 10 P S 8.S 80 

'07 4/4 3.10 3.20 SIN ISGF 10 P 5 £.5 9' Unstable Operation 

108 41S 2.50 303 SIN 15GF 10 .., 1 32 2 Fresh TFE 

109 41S 3.25 3.33 SIN ISGF 10 P 4 2S 16 

110 4/6 905 9.15 SIN 'SGF 10 P S 16 20 

111 416 950 '0.05 SIN 'SGF 10 P 5 16 39.6 

',7 4/6 10.50 11.02 CV ISGF 10 P S 10 39.2 

113 416 11.35 11,45 SIN ISGF 10 P 5 '0 40 

114 4(6 130 1.40 SIN ISGF 10 P 5 10 59.6 
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Table 4-1 Summary of Experimental Results (Continued) 

Test Frequ- Amp/i- Peak 1'8 IlR IlSl IlS3 1lS6 Il~ Temperature Pressure 
No. ency tude Velocity (%) max (%) (%) (%) max Start End (psi) 

(Hz) (in) (in/s) (%) (%) (OF) (OF) 

97 0.6 3.97 14.97 11.69 7.92/1 8.02 5.43 4.69 8.02/1 BO 212 3000 

98 0.8 4.28 21.51 11.98 7.87/1 7.06 - - 7.06/1 87 226 3000 

99 0.03 0.5 0.1 8.34 4.64/1 4.01 - 4.01/1 71 72 1000 

100 0.16 1 1 10.85 7.87/4 7.60 - 9.09/4 71 107 1000 

101 0.32 1 2 11.93 9.75/1 11.29 - 11.29/1 73 130 1000 

102 0.32 2 4 13.11 12.02/1 13.68 - - 13.6811 74 170 1000 

103 0.5 1.97 3.94 14.50 13.65/1 13.51 - 13.51/1 75 159 1000 

104 0.5 2 6.28 17.76 13.65/1 15.11 12.6:- 11.27 15.11/1 75 166 1000 

105 0.5 3 9.43 17.95 14.28/1 14.61 12.30 10.81 14.61/1 78 188 1000 

106 0.6 4 15.08 19.54 13.58/1 14.35 11.56 10.06 14.35/1 80 210 1000 

107 0.8 4.55 22.B8 20.23 15.40/1 14.41 - - 14.41/1 83 220 1000 

lOB 0.03 0.5 0.1 5.80 4.64/1 4.28 - 4.2811 n AO 2000 

109 0.16 1 1 7.03 6.94/1 7.57 7.39 - 7.57/1 n 117 2000 

110 0.32 1 2 8.25 7.56/1 8.60 8.37 7.73 8.60/1 78 112 2000 

'11 0.32 1.98 3.96 10.88 8.6711 9.36 7.41 6.43 9.36/1 79 176 2000 

112 0.5 1.96 3.92 10.91 10.13/1 9.14 7.39 6.42 9.1411 81 17B 2000 

113 0.5 2.0 6.28 11.67 9.34/1 9.80 7.61 6.69 9.80/1 83 178 2000 

114 0.5 2.98 9.36 12.03 9.51/1 10.08 7.59 6.55 10.0811 82 189 2000 
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Table 4-1 Summary of Experimental Results (Continued) 

Test Date Time Test Tallon Sliding No. Duration Total Comments 
No. Setup Start Type Type Diam. Direction Cy.:les (sec) Travel 

(in) (in) 

115 416 2.05 2.15 SIN 15GF 10 P 5 8.5 79.4 

116 416 2.30 2.38 SIN 15GF 10 P 5 6.5 79.4 

117 4f7 9.40 9.55 SIN 15GF 10 P I 32 2 Fresh TFE 

118 4f7 1 1.OS '11.10 SIN 15GF 10 P 4 25 16 

119 4f7 11.35 11.45 SIN 15GF 10 P 5 16 20 

120 4f7 12.05 12.10 SIN 15GF 10 P 5 16 40 

--
121 417 12.55 1.03 CV 15GF 10 P 5 10 39.2 

122 417 1.25 1.31 SIN 15GF 10 P 5 10 40 

123 4f7 1.54 2.00 SIN 15GF 10 P 5 10 59.6 

124 417 2.30 2.45 SIN 15GF 10 P 5 6.5 79.2 Unstable Operation 

125 418 9.05 9.15 SIN 25GF 10 P 1 32 2 Fresh TFE 

126 4/8 9.30 9.35 SIN 25GF 10 P 4 25 16 

127 4/8 9.55 10.03 SIN 25GF 10 P 5 16 20 

128 418 10.15 10.20 SIN 25GF 10 P 5 16 40 

129 418 10.40 10.50 CV 25GF 10 P 5 10 39.2 

130 418 lUO lU5 SIN 25GF 10 P 5 10 40 

131 418 1.10 1.17 SIN 25GF 10 P 5 10 59.6 

132 418 1.35 1.45 SIN 25GF 10 P 5 8.5 79.4 
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Table 4-1 Summary of Experimental Results (Continued) 

Test Fraqu-I Ampli- Peak ~ IL~ ILS1 1LS3 ILss IL~ Temperature Pressure 
No. ancy tude Velocity (%) max (%) (%) (%) max Start End (psi) 

(Hz) (in) (in/5) (%) (%) (OF) (OF) 

115 0.6 3.97 14.97 12.71 9.97/1 10.03 7.42 6.36 10.03/1 85 207 2000 

116 0.8 3.97 19.96 13.05 9.9211 9.116 7.54 6.55 9.96/1 90 208 2000 

117 0.03 0.5 0.1 5.83 4.78/1 4.32 - 4.32/1 78 82 3000 

118 0.16 1 1 6.98 6.19/1 6.63 6.44 - 6.6311 78 130 3000 

119 0.32 1 2 7.76 6.62/1 7.53 6.78 6.10 7.5311 80 137 3000 

120 0.32 2 4 9.18 7.46/1 7.72 6.02 5.16 7.72/1 82 184 3000 
.-r---

121 0.5 1.96 3.92 9.82 8.62/1 B.Ol 6.22 5.2B 8.01/1 83 178 3000 

122 0.5 2 6.28 10.46 7.96/1 8.49 6.41 5.56 8.49/1 86 175 3000 

123 0.5 2.98 9.36 11.15 8.3311 8.49 6.24 5.35 8.49fl 88 206 3000 

124 0.8 3.86 19.40 11.67 8.19/1 B.21 - - 8.21fl 89 231 3000 

125 0.03 0.5 0.1 8.12 7.28/1 5.76 - 5.76fl 76 78 1000 

126 0.16 1 1 9.36 9.30/1 9.42 10.15 - 10.1513 76 102 1000 

127 0.32 1 2 11.78 10.02/1 11.23 11.32 11.09 11.46/2 77 112 1000 

128 0.32 2 4 13.62 10.4011 12.31 11.46 10.76 12.31/1 79 136 1000 

129 0.5 1.96 3.92 12.9\; ,2.30/1 11.71 10.61 9.80 11.71/1 81 138 1000 
-

130 0.5 2 6.28 15.06 12.4511 13.44 11.61 10.86 13.44/1 84 138 1000 

131 0.5 2.98 9.36 15.02 12.42/1 12.84 11.26 10.40 12.84/1 80 160 1000 

132 0.6 3.97 14.97 16.88 12.81/1 13.12 10.88 9.75 13.1211 85 168 1000 

-
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Table 4-1 Summary of Experimental Results (Continued) 

Test Date Time T;fsl Teflon Sliding No. Duration Total Comments 
No. Setup Start Type Type Diam. Direction Cycles (sec) Travel 

(in) (in) 

133 4.18 2.05 2.15 SIN 25GF 10 P 5 6.5 79.2 

134 4/11 9.05 9.10 SIN 25GF 10 P 1 32 2 Fresh TFE 

135 4/11 10.10 10.20 SIN 25GF 10 P 4 25 16 

136 4/11 10.55 11.00 SIN 25GF 10 P 5 16 20 

137 4/11 11.35 11.40 SIN 25GF 10 P 5 16 40 

138 4/11 12.05 12.10 CV 25GF 10 P 5 10 39.2 

139 4/11 1.20 1.30 SIN 25GF 10 P 5 10 40 

140 4/11 2.10 2.15 SIN 25GF 10 P 5 10 Test discontinued 

141 4/t? 2.05 2.10 SIN 25GF 10 P 5 10 60 

142 4/12 2.50 3.00 SIN 25GF 10 P 5 6.5 78.8 

143 4/13 9.30 9.35 SIN 25GF 10 P 1 32 2 Fresh TFE 

144 4/13 10.15 10.28 SIN 25GF 10 P 4 25 16 The.mocouple removed 
for repair 

145 4/'3 11.15 11.25 SIN 25GF 10 P 5 16 20 

146 4/13 11.50 11.55 SIN 25GF 10 P 5 16 40 

147 4/13 12.15 12.23 CV 25GF 10 P 5 10 39.2 

148 4/13 1.35 1.45 SIN 25GF 10 P 5 10 39.6 

149 4/13 2.20 2.25 SIN 25GF 10 P 5 10 59.6 

150 4/13 2.55 3.00 SIN 25GF 10 P 5 6.5 78 
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Table 4-1 Summary of Experimental Results (Continued) 

Test Frequ- Ampli- Peak I1B f.!~ !-4s, 11-S3 11-56 I1s Temperature Pressure 
No. ency tude Velocity (%) max (%) (%) (%) max Start End (psi) 

(Hz) (in) (in/S) (%) (%) (0 F) (OF) 

133 0.8 3.96 19.91 17.48 13.18fl 13.42 11.83 10.79 13.42/1 87 178 1000 

134 0.03 0.5 0.1 6.70 5.7E/' 4.87 - - 4.87/1 76 78 2000 

135 0.16 1 1 7.31 7.97/1 7.71 8.79 - 8.7913 76 99 2000 

136 0.32 1 2 9.35 8.37/1 9.47 9.47 9.03 9.6312 78 108 2000 

137 0.32 2 4 11.59 9.93/1 10.64 9.03 8.15 10.64/1 81 146 2000 

138 O.S 1.96 3.92 11.23 " .0811 10.13 9.05 8.41 10.13/1 82 147 2000 

139 0.5 2 6.28 12.53 ~0.53/1 11.00 9.32 8.70 , 1.00/1 82 148 2000 

140 0.5 - - - - - - · 2000 

141 0.5 3 9.43 14.52 11.75/1 11.64 9.66 8.57 11.64/1 78 206 2000 

142 0.8 3.94 19.80 12.66 10.72/1 11.06 9.33 8.25 11.0611 83 252 2000 

143 0.03 0.5 0.1 6.53 4.80/1 4.22 42211 75 79 3000 

144 0.16 1 1 6.19 5.23/3 506 5.50 . 5.5013 - · 3000 

145 0.32 , 2 7.76 5.6013 5.86 6.24 6.14 6.2413 · · 3000 

146 0.32 2 4 8.52 7.14/1 8.00 7.39 6.75 8.0011 · - 3000 

147 0.5 1.96 3.92 9.65 9.18/1 8.40 7.32 6.60 8.S0/1 - - 3000 

148 0.5 1.98 6.22 10.99 9.4711 9.80 7.88 7.10 9.80/1 - · 3000 

149 0.5 2.98 9.36 10.95 9.26/1 9.42 7.47 6.42 9.42/1 · · 3000 

150 0.8 3.90 19.60 12.12 9.3911 9.32 6.78 5.68 9.32/1 · - 3000 
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Table 4-1 Summary of Experimental Results (Continued) 

Test Date TIme Test Teflon Sliding No. Duration Tolal Comments 
No. Setup Start Type Type Diam. Direction Cycles (sec) Travel 

(in) (in) 

151 4/14 9.30 9.38 SIN UF 5 P 1 32 2 Fresh TFE 

152 4/14 10.05 10.10 SIN UF 5 P 4 25 16 

153 4/14 10.30 10.35 SIN UF 5 P 5 16 20 

154 4/14 11.05 11.10 SIN UF 5 P 5 16 40 

155 4114 11.40 11.45 CV UF 5 P 5 10 39.4 Thermocouple repaired 

156 4/14 12.05 12.15 SIN UF 5 P 5 16 40 

157 4114 1.30 1.35 SIN UF 5 P 5 10 40 

158 4/14 2.00 2.10 SIN UF 5 P 5 10 59.6 

159 4/14 2.30 2.35 SIN UF 5 P 5 10 59.6 Stick-slip obselvvd 

160 4114 2.50 2.55 SIN UF 5 P 5 6.5 79.2 

161 4/15 9.30 9.35 SIN 15GF 5 P 1 32 2 Fresh TFE 

162 4/15 10.05 10.10 SIN 15GF 5 P 4 25 16 

163 4/15 10.40 10.45 SIN 15GF 5 P 5 16 20 

164 4/15 11.10 11.15 SIN 15GF 5 P 5 16 40 

165 4/15 11.40 11.45 CV 15GF 5 P 5 10 39.2 

166 4/15 1.25 1.38 SIN 15GF 5 P 5 16 40 

167 4/15 I.SS 2.00 SIN 15GF 5 P 5 10 40 

168 4/15 2.25 2.30 SIN 15GF 5 P 5 10 59.6 
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Table 4-1 Summary of Experimental Results (Continued) 

Test Frequ- Ampli- Peak lie I.l~ I.lS1 I.lS3 11& I1s Temperature Pressure 
No. ency tude Velocity ("to) max ("to) ("to) ("to) max Start End (psi) 

(Hz) (in) (in/s) ("to) ("to) (OF) (OF) 

151 0.03 O.S 0.1 3.76 1.0111 0.87 - 0.87/1 - - 6500 

152 0.16 1 1 4.70 1.4713 1.89 2.14 - 2.1413 - - 6500 

153 0.32 1 2 4.12 2.86/1 3.65 3.52 3.27 3.6511 - - 6500 

154 0.32 2 4 6.80 3.77/1 4.88 3.81 325 4.88/1 - - 6500 

155 0.5 1.97 3.94 6.75 5.43/1 4.97 3.72 3.19 4.97/1 77 164 6500 

156 0.32 2 4 8.31 5.54/1 7.34 6.76 6.06 7.34/1 78 145 3000 

157 0.5 2 6.28 7.48 4.73/1 5.54 4.48 3.89 5.54/1 77 168 6500 

158 0.5 2.98 9.36 8.37 5.29/1 5.72 4.55 3.99 5.7211 79 191 6500 

159 0.5 2.98 9.36 12.59 5.4211 7.47 5.98 5.46 7.47/1 83 184 3000 

160 0.8 3.96 19.91 9.28 3.6411 5.36 3.48 3.07 536/1 84 208 6500 

161 0.03 0.5 0.1 4.67 2.40/1 2.15 - - 2.15/1 74 77 6500 

162 0.16 1 1 5.47 2.21/1 2.77 3.03 - 3.0313 74 106 6500 

163 0.32 1 2 6.23 2.6811 4.69 4.06 3.67 4.69/1 14 145 6500 

164 0.32 2 4 6.66 3.1111 5.44 4.35 3.84 5.44/1 75 183 6500 

165 0.5 1.96 3.92 6.73 5.2211 5.11 4.23 3.75 5.11/1 77 180 6500 

166 0.32 2 4 9.79 5.4811 7.30 5.88 5.35 7.3011 75 176 3000 

167 0.5 2 6.28 8.47 5.3711 5.79 4.47 3.95 5.79/1 77 199 6500 

168 0.5 2.98 9.36 8.27 5.03/1 5.19 4.01 3.56 5.19/1 78 221 6500 
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Table 4-1 Summary of Experimental Results (Continued) 

Test Date Time T.st Teflon Sliding No. Duration Total Comments 
No. Setur' Start TVpe Type Diam. Direction Cycles (sec) Travel 

(in) (in) 

169 4/15 2.50 2.55 SIN 15GF 5 P 5 10 79.6 Stick-slip observed 

170 4/15 3.10 3.15 SIN 15GF 5 P 5 6.5 79.4 

171 4/18 9.10 9.30 SIN 25GF 5 P 1 32 2 Fresh TFE 

'72 4/18 9.55 10.00 SIN 25GF 5 P 4 25 16 

173 4118 10.30 10.40 SIN 25GF 5 P 5 16 20 

174 4118 11.05 11.10 SIN 25GF 5 P 5 16 40 

175 4118 tl.45 11.SO CV 25GF 5 P 5 10 39.2 

176 4118 1.10 1.15 SIN 25GF 5 P 5 16 39.6 

177 4118 1.45 '1.50 SIN 25GF 5 P 5 10 39.6 

178 4118 2.30 2.35 SIN 25GF 5 P 5 10 60 

179 4118 3.10 3.15 SIN 25GF 5 P 5 10 60 Stick-slip observed 

180 4118 3.35 3.40 SIN 25GF 5 P 5 6.5 79.2 Stick-slip observed 

181 4119 9.55 10.00 SIN UF 5 T 1 32 2 New S.S. Platl/-
Fresh TFE 

182 4119 10.15 10.20 SIN UF 5 T 4 25 16 

183 4119 10.45 10.50 SIN UF 5 T 5 16 20 

184 4(19 11.30 11.35 SIN UF 5 T 5 16 40 

185 4119 11.55 12.00 CV UF 5 T 5 10 39.6 

186 4119 1.10 1.15 SIN UF 5 T 5 10 39.6 
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Table 4-1 (Summary of Experimental Results (Continued) 

Test Frequ- Am~li- Peak JlB f.LR ~5' ~S3 ~S5 ~ Temperature Pressure 
No. ency tude Velocity (%) max (%) (%) ('Yo) max Start End (psi) 

(Hz) (in) (in/s) ('Yo) (%) ("F) (OF) 

169 0.5 2.98 9.36 11.89 7.43/1 7.71 6.54 5.94 7.71/1 82 206 3000 

170 0.8 3.97 19.96 9.97 5.34/1 5.27 3.91 3.46 5.27/1 83 236 6500 

171 0.03 0.5 0.1 5.75 3.2911 3.19 - - 3.19/1 70 75 6500 

172 0.16 1 1 6.65 4.3511 5.56 5.35 - 5.6812 70 118 6500 

173 0.32 1 2 7.27 5.1211 5.87 4.97 4.29 5.87/1 72 149 6500 

174 0.32 2 4 8.03 5.6511 5.97 4.80 4.25 5.97/1 73 190 6500 

175 0.5 1.96 3.92 8.39 5.91/1 5.89 4.49 3.91 5.89/1 74 196 6500 

176 0.32 1.98 3.96 9.63 7.6211 8.64 7.37 6.60 8.6411 73 180 3000 

177 0.5 1.98 6.22 9.30 5.89/1 6.59 5.15 4.56 6.59/1 75 208 6500 

178 0.5 3 9.43 8.33 5.10/1 5.41 4.16 3.61 5.41/1 75 243 6500 

179 0.5 3 9.43 13.27 6.17/1 6.53 5.13 4.61 6.53/1 77 211 3000 

180 0.8 3.96 19.91 10.37 4.97/1 5.37 3.78 3.26 5.37/1 -'8 248 6500 

181 0.03 0.5 0.1 3.50 1.13/1 1.11 - - 1.11/1 71 73 6500 

182 0.16 1 1 5.05 2.85/2 3.22 3.20 - 3.2512 71 111 6500 

183 0.32 1 2 5.22 3.5211 4.11 3.74 3.45 4.11/1 72 128 6500 

184 0.32 2 4 7.17 3.47/1 4.87 3.76 3.23 4.87/1 73 161 6500 

185 0.5 1.98 3.96 7.27 4.96/1 4.51 3.42 2.90 4.51/1 76 164 6500 

186 0.5 1.98 6.22 7.57 3.82/1 4.52 3.08 2.59 4.52/1 74 168 6500 
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Table 4-1 (Summary of Experimental Results (Continued) 

Test Date Time Test Teflon Sliding No. Duration Total Comments 
No. Setup Start Type Type Diam. Direction Cycles (sec) Travel 

(in) (in) 

187 4/19 1.45 1.50 SIN UF 5 T 5 10 59.6 

188 4/19 2.10 2.15 SIN UF 5 T 5 5 29.2 Slick-slip observed 

189 4/19 2.40 2.45 SIN UF 5 T 5 2.5 14.4 Significant stick-slip 

190 4/19 3.10 3.15 SIN UF 5 T 5 6.~ 79.2 

191 4120 9.30 9.40 SIN UF 10 T I 32 2 Fresh TFE 

192 4/20 10.10 10.15 SIN UF 10 T 5 25 16 

193 4120 10.40 10.45 SIN UF 10 T 5 16 20 

194 4120 11.15 11.20 SIN UF 10 T 5 16 40 

195 4120 11.50 11.55 SIN UF 10 T 5 10 40 

196 4/20 1.40 1.47 SIN UF 10 T 5 10 Data Lost 

197 4120 2.20 2.25 SIN UF 10 T 5 5 29.6 

198 4120 2.45 2.50 SIN UF 10 T 5 2.5 14.4 Stick-slip observed 

199 4120 3.15 3.20 SIN UF 10 T 5 6.5 79.2 

200 4121 9.30 9.35 SIN UF 10 T 1 32 2 Fresh TFE 

201 4121 10.15 10.20 SIN UF 10 T 4 25 16 

202 4121 10.45 10.50 SIN UF 10 T 5 16 20 

203 4121 11.15 11.20 SIN UF 10 T 5 16 40 

204 4121 11.45 11.50 SIN UF 10 T 5 10 40 
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Table 4-1 (Summary of Experimental Results (Continued) 

Test Frequ- Ampli- Peak 1'8 I'R 1'51 1'83 1'911 I'~ Temperature Pressure 
No. ency tude Velocity (%) max (%) (%) (%) max Start End (psi) 

(Hz) (in) (inls) (%) (%) ("F) ("F) 

187 0.5 2.98 9.36 8.71 4.00/1 4.66 3.46 2.88 4.66/1 75 185 6500 

188 1 1.46 9.17 9.31 5.32/1 5.49 3.93 3.40 5.4911 79 156 6500 

189 2 0.72 9.05 10.30 6.48/1 6.41 4.73 4.22 6.41/1 77 121 6500 

190 0.8 3.96 19.91 10.53 5.61/1 5.64 3.63 3.18 5.6411 76 178 6500 

191 0.03 0.5 0.1 7.16 2.67/1 2.39 - - 2.39/1 68 69 1000 

192 0.16 1 1 9.70 - "'0/4 5.51 6.33 - 6.3514 68 85 1000 

193 0.32 1 2 11.89 8.83/1 10.27 10.13 9.62 10.27/1 69 106 1000 

194 0.32 2 4 13.85 10.54/1 11.75 10.10 9.03 11.7511 71 141 1000 

195 0.5 2 6.28 17.72 9.93/1 13.93 9.06 7.94 13.93/1 73 144 1000 

196 0.5 

197 1 1.48 9.30 17.28 13.7311 14.15 11.78 10.79 14.15/1 76 121 1000 

198 2 0.72 9.05 lR 17 13.!i8l1 15.17 12.60 1'.fiE 15.17/1 77 96 1000 

199 0.8 3.96 19.91 20.6e 13.08/1 13.89 10.70 9.3~ 1~.89/1 76 94 1000 

200 0.03 0.5 0.1 7.49 2.2211 1.72 - 1.7211 68 69 2000 

201 0.16 1 1 8.23 6.2313 6.11 6.89 6.89/1 69 86 2000 

202 0.32 I 2 10.27 8.31/1 9.07 8.07 7.42 9.07/1 71 103 2000 

203 0.32 2 4 11.95 9.25/1 9.63 7.85 6.87 9.6311 72 140 2000 

204 0.5 2 1).28 13.24 9.97/1 10.32 8.20 7.22 10.32/1 74 138 2000 
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Table 4-1 (Summary of Experimental Results (Continued) 

Test Date Time Test Teflon Sliding No. Duration Total Comments 
No. Setup Start Type Type Diam. Di,,'CIion Cycles (sec) Travel 

(in) (in) 

205 4121 2.20 2.25 SIN UF 10 T 5 10 59.6 

206 4121 3.00 3.05 SIN UF 10 T 5 6.5 76.8 Unstable Operation 

207 4122 9.30 9.35 SIN UF 10 T 1 32 2 Fresh TfE 

208 4122 10.05 10.10 SIN UF 10 T 4 25 16 

209 4122 10.30 10.35 SIN UF 10 T 5 16 20 

210 4122 11.05 11.10 SIN UF 10 T 5 16 40 

211 4122 11.50 11.55 SIN UF 10 T 5 10 39.6 

212 4122 1.30 1.40 SIN UF 10 T 5 10 59.6 

213 4122 .10 2.15 SIN UF 10 T 5 ~.5 74.8 Unstable Vperation 
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Table 4-1 (Summary of Experimental Results (Continued) 

Test Frequ· Ampli· Peak Ile 11~ 1151 1183 11. ~ Temperature Pressure 
No. ency tude Velocity ("/0) max ('Yo) ("/0) ('Yo) max Start End (psi) 

(Hz) (in) (inla) ('Yo) ('Yo) (OF) (OF) 

205 0.5 2.98 9.36 14.28 10.34/1 10.52 8.09 6.95 10.5211 73 171 2000 

206 08 3.84 19.32 16.54 10.9211 10.65 B.04 6.79 10.6511 79 215 2000 

-
207 0.03 0.5 0.1 4.55 2.4211 3.00 . . 3.00/1 69 72 3000 

208 0.16 1 1 6.61 4.93/1 5.78 5.22 . 5.7811 70 107 3000 

209 0.32 1 2 8.15 6.36/1 6.81 5.70 5.14 6.81/1 73 121 3000 

210 0.32 2 4 9.94 6.9411 7.43 5.64 4.72 7.4311 74 176 3000 

211 0.5 1.98 6.22 10.97 7.61/1 7.96 5.91 4.97 7.9611 76 168 3000 

212 0.5 2.98 9.36 11.58 8.00/1 8.30 5.81 4.71 8.30/1 75 194 3000 

213 O.B 3.74 18.78 12.88 8.24/1 7.79 7.79/1 82 223 3000 
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SECTIONS 
INTERPRET ATION OF RESULTS 

S.l Theoretical Considerations 

Bowden and Tabor [6-+1 have presented fundamental studies on the nature of friction of metals 
and polymers. lbere are nlany types of strength of bond that is formed at the contact interface of 
two materials. Teflon exhibits a type of interfacial bonding that is unique. Sliding in Teflon 
occurs truly at the interface and this is attributed to the smooth molecular profile of Teflon [65}. 

The question of practical interest is if friction of Teflon interfaces may be predicted by theoreti
cal considerations. Theories exist that ex.plain aspects of the frictional behavior of Teflon. These 
aspects of behavior are the low coefficient friction, the decrea£e of friction with increasing 
pressure and the increase of friction wilh velocity. The low coefficient of friction of Teflon at 
low velocities is caused by the formation of a very thin film of highiy crystalline Teflon on the 
mating surface. This film has a high degree of molecular orientation [66, 67}. In tests conducted 
at low velocity (see in Appendix A tests No. 69. 77. 89 and 151), a substantial difference be
tween the breakaway value of' friction and the sliding (or kinetic) value was observed. Initially, 
the interface adhesion is relatively strong. When it is overcome, a thin film of Teflon develops 
on the slider and friction drops dramatically. In these tests, the ratio ~B to ~smu. was between 

2.3 and 4.3. At high velocities. the me~hanism is different. Teflon is transferred to the mating 
surface in the form of large fragments (see Figure 4-4) which gives rise to higher frietic-n. 

The decrease of the coefficient of friction with increases in pressure may be explained using the 
elastic and plastic defonnation theories 1641. Under elastic defonnations of Teflon, the true area 
of contact may be given by 

A;;::kW" (5-1) 

in which W is the nonnal load and k is a constant that depends on the fonn of surface and its 

elastic constants. n is a constant taking values of 2/3 to 1. The case n = 2/3 is derived when 
considering a surface covered with spherical asperities. If each spherical asperity is considered 
having smaller spherical asperities, n takes the value 8/9. Continuing like this (what Bowden and 
Tabor call as small fleas and lesser fleas) a value of n equal to unity is recovered. 

At loads at which the defonnations of Teflon are plastic. the true area of contact is given by 

A=W/p (5-2) 

in which p is the compressive yield strength of Teflon. The frictional force during sliding is 

given by 
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F=sW (5-3) 

in which s is the shear strength of the interface. The coefficient of friction is given by 

~=F/W (5-4) 

which results in the following expressions 

(5-5) 

for elastic defonnation and 

~ = sip (5-6) 

for plastic defonnation. Equation 5-5 explains the reduction of the coefficient of friction with 
increasing loads; while equations 5-2 and 5-6 suggest the existence of a limiting value of pres
sure beyond which the coefficient of friction remains constant. This value of pressure should be 
equal to the compressive yield strength of Teflon. This value is about equal to 1500 psi at 
normal temperatures (Reference 6 based on ASTM D-690-80 standard). Values of the limiting 
pressure beyond which friction is constant have been reponed in the literature. They vary from 
about 1,500 psi [41] to 7250 psi [10]. This substantial variation in the reponed value of limiting 
pressure may be attributed to the following: 

1. The influence of size and type of specimen (recessed and confined) on the yield 
strength, and 

2. The difference between true area of contact, A, and geometrical cross-sectional area, 
Ao' In general, A is less than or equal to Ao' Reponed values of preSf,ure are with 

respect to area Ao' 

5.2 Effect of Type of Test 

Most of the conducted tests were with sinusoidal motion. In this type of motion, both the sliding 
velocity and acceleration vary with time. It has been expected and confirmed in these tests that 
acceleration has only a minor effect on the measured coefficient of friction; velocity being the 

most influential parameter. 

Constant velocity test (cyclic sawtooth displacement) is another test that is appropriate for 
measuring the friction of Teflon-steel interfaces. Presumably in a constant velocity test, the 
acceleration is zero and, therefore, it appears to be a more appropriate test than a sinusoidal one 
because the results cannot be masked by the influence of acceleration. This is not exacdy true' 
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because the acceleration at the start and at every reversal in a cyclic constant velocity test is 
markedly different than zero. The reader is referred to Appendix A in which acceleration records 
in tests No. 51 to 60 are presented. It is reasonable to assume that the observed substantial 
acceleration impulse at the stan of the experiment will have some influence on the breakaway 
value of friction. On the other hand, both types of test (sinusoidal and constant velocity) should 
yield the same coefficient of sliding friction at peak velocity. It should be noted that in both tests 
the peak velocity occurs at a time at which acceleration is zero. 

A number of tests was conducted to investigate the effect of type of tests on the recorded values 
of friction. Sinusoidal and constant velocity tests were conducted with the same amplitude but 
different frequency in order to yield the same velocity. A summary of the obtained results is 
presented in Table 5-1. It is evident in this table that the type of test has an insignificant effect on 
the recorded value of maximum sliding coefficient of friction. There is some effect on the 
breakaway of coefficient of friction, which is minor. 

5.3 Effed of Specimen Size 

Our tests were conducted on 10 inch diameter specimens at 1,000,2,000 and 3,000 psi pressure 
and on 5 inch diameter specimens at 6,500 psi pressure. Six tests were conducted at 3.000 psi 
pressure on 5 inch specimen in order to determine the effect of specimen size. Table 5-11 sum
marizes the results of these tests. The agreement between results with 5 and 10 inch diameter 
specimens is fairly good except in the three cases where significant stick-slip was observed (No. 
159, 169, 179). In the studies of Taylor [10], the effect of specimen size has been shown to be 
minimal. The size effect in our studies appears to be more than what was found by Taylor. 
Velocity may have had an effect. 

5.4 Effect of Acceleration 

Tests 56 to 60 were conducted at the same peak velocity (values between 7.57 and 7.97 in/sec) 
but different amplitude, frequency and even type of test. The peak acceleration in these tests 
varied between 0.08 and 0.85 g. This is the value recorded after the initial acceleration impulse. 
This impulse had a value of 0.43 g in the sinusoidal tests and 0.85 g in the constant velocity tests. 
Other than test No. 60, in which stick-slip was observed. the tests yielded values of J.1. Band J.1.smu 

that compare very well. This is illustrated in Figure 5-1. Clearly, the effect of acceleration is 

minimal. 

5.5 Effect of Frequency 

As discussed earlier, the phenomenon known as stick-slip was observed in some high frequency 
tests (usually at I Hz and above). The difference between a high frequency and a low frequency 
test conducted at the same velocity is in the time needed to complete a cycle (eg. tests No. 59 and 
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Table 5·1 Effect of Type of Test 

Test Conditions Pressure Test Freq. Amplit. Peak !La IJ.. Comments 
No. (psi) Type (Hz) (in) Velocity (%) max 

(in/s) (%) 

64 UF.P 1000 SIN 0.32 1.98 3.96 16.67 12.10 
65 UF P 1000 CV 0.5 1.91 3.82 18.86 12.55 
80 UF P 2000 SIN 0.32 2 4 10.12 6.96 
81 UF P 2000 CV 0.5 1.97 3.94 10.33 6.89 
83 UF P _2000 SIN 0.5 3 9.43 12.43 7.50 
85 UF P 2000 CV 0.78 2.90 9.12 13.61 7.92 minor stick-slip 

92 UF P 3000 SIN 0.32 2 4 8.04 6.77 
93 UF P 30QCL CV 0.5 1.96 3.92 8.65 6.68 
95 UF P gOOO SIN 0,5 3 9.43 10.32 7.27 
q6 UF P 3000 CV 0.78 2.91 9.14 10.17 7.32 

102 15GF P 1000 SIN 0.32 2 4 13.11 13.68 
103 15GF P 1000 CV 0.5 1.97 3.94 14.50 13.51 
111 15GF P 2000 SIN 0.32 1.98 3.96 10.88 9.36 
112 15GF P 2000 CV 0.5 1.96 3.92 10.91 9.14 
120 15GF,P 3000 _SIN 0.32 2 4 9.18 7.72 
121 15GF P 3000 CV 0.5 1.96 3.92 9.82 8.01 
128 25GF P 1000 SIN 0.32 2 4 13.62 12.31 
129 2SGF P H)Ql>- CV 0.5 1.96 3.92 12.96 11.71 Absence 01 breakaway. inaufliicienl cklaning 

137 2SGF P 2000 SIN 0.32 2 4 11.59 10.64 
138 25GF, P 2000 CV 0.5 1.96 3.92 11.23 10.13 
146 25GF P 3000 SIN 0.32 2 4 8.52 8.00 Absence 01 breakaway. Insulfidenl cleanlnQ 

147 25Gf, P 3000 CV 0.5 1.96 3.92 9.65 8.40 
154 UF,P 6500 SIN 0.32 2 4 6.80 4.86 
155 UF, P 6500 CV 0.5 1.97 3.94 675 4.97 
164 15GF. P 6500 SIN 0.32 2 4 6.66 5.44 
165 15Gf P 6500 CV 0.5 198 3.92 6.73 5.11 
174 25GF P 6500 SIN 0.32 2 4 8.03 5.97 
175 25GF, P 6500 CV 0.5 1.97 3.94 8.39 5.89 
184 UF, T 6500 SIN 0.32 2 4 7.17 4.87 
ISS UF, T 6500 CV 0.5 1.98 3.96 7.27 4.51 
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Table 5-11 Effect of Specimen Size (Pressure Is 3,000 psi) 

Tesl Conditions Diam. Freq. Amplit. Peak ~B ~. Comments 
No. (in) (Hz) (in) Velocity (%) max 

(in/s) (0/0) 

92 UFo p. SIN 10 0.32 2 4 8.04 6.77 

156 UFo p. SIN 5 0.32 2 4 8.31 7.34 

95 UFo P. SIN 10 0.5 3 9.43 10.32 7.27 

159 UFo p. SIN 5 0.5 2.98 9.36 12.59 7.47 Stick-slip 

120 15GF. P. SIN 10 0.32 2 4 9.18 7.72 

166 15GF. p, SIN 5 0.32 2 4 9.79 7.30 

123 15GF. p, SIN 10 0.5 2.98 9.36 11.15 8.49 

169 15GF. p, SIN 5 0.5 2.98 9.36 11.89 7.71 Stick·slip 

146 25GF. p, SIN 10 0.32 2 4 8.52 8.00 

176 25GF. P. SIN 5 0.32 1.98 3.96 9.63 8.64 

149 25GF, P,SIN 10 0.5 2.98 9.36 10.95 9.42 

179 25GF, p. SIN 5 0.5 3 9.43 13.27 6.53 Significant stick-slip 
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60). In each cycle, the Teflon-steel interfac~ goes through two momentary phases of sticking 

when the displacement direction is reversed. This may have an effect on the initiation of stick
slip. Funhennore, there is a possibility that the frequency beyond which stick-slip occurs is 
related to the dynamic characteristics of the test apparatus rather than the interface 
characteris tics. 

In the cases in which stick-slip does not occur, frequency should not have any significant effect. 
Tests No. 51 to 53 were conducted at the same velocity (about 3.8 in/sec) and the recorded peak 
acceleration was about 0.32 g in all three test'). Frequency was 0.5, 1 and 0.25 Hz, respectively. 
The maximum sliding coefficients of friction in the three tests compare well. The breakaway 
value in test No. 53 appears to be higher than the other two tests. The initial condition of the 
interface might have been different in this test. In general, the frequency of test does not have 
any significant effect on the results provided that is not high enough to induce stick-slip. 

S.6 Effect of Velocity 

It is apparent from the results of Table 4-1 that the coefficient of friction increases rapidly with 
sliding velocity up to a certain value of velocity beyond which it remains almost constant. 

We first focus on the sliding (or kinetic) coefficient of friction. Figures 5-2 through 5-5 show the 
variation of Ilsmax with velocity in the four groups of tests (UF, P; 15GF, P; 25GF, P; UF, T). 

The value of friction at very low velocity (0.1 in/sec) is between 0.01 and 0.03 for unfilled 
Teflon and between 0.02 and 0.06 for glass-filled Teflon. At high velocities, the value of friction 
is in both cases between 0.06 and 0.14, depending on the bearing pressure. The velocity at which 
maximum friction occurs (sliding value) is between 4 and 8 in/sec. Above this value, sliding 
velocity has relatively little effect. The difference between minimum and maximum value of 
sliding friction is larger at low bearing pressure. For example, in the case of un511ed Teflon with 
sliding parallel to lay (Figure 5-2) the minimum value is 0.027 and the maximum is about 0.12. 
Such a four-fold increase is substantial and indicates the significant deviation of the frictional 
behavior of these interfaces from Coulomb's theory. 

The breakaway value of the coefficient of friction is examined next. This value appears to be 
substantially larger than the sliding value. The authors believe that the significance of the 
breakaway value at high velocities of sliding has been overstated (eg. Reference 13). Under 
laboratory conditions, a Teflon-steel interface may be subjected to high initial velocities that are 
associated with an impulse of acceleration (see Appendix A, tests No. 56, 57, 58). In the field, 
however, such conditions are very unlikely or impossible. Sliding initiates (breakaway) at 

essentially zero velocity. This condition also occurs at each reversal of motion, as during 
reversal, the interface undergoes a momentary sticking. There is, however, a difference between 
the two cases because the latter case occurs after some transfer of Teflon to the slider, which 

tends to reduce friction. 
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The authors assert that. only the breakaway value of friction at very low velocity is of 
interest. This value dictates if sliding or not will occur. When sliding occurs, the frictional 
resistance of the interface is characterized by the value of ~smax' which depends on velocity. 

Mter momentary sticking at motion reversals, the interface exhibits a value of friction thaI may 
be conservatively taken to be equal to the breakaway value at very low velocity (eg. ~B at 0.1 

inlsec velocity). Alternatively, the increase in friction after this momentary sticking may be 
disregarded. 

S.7 Effect of Pressure 

. 
Figures 5-6 to 5-9 show the variation of the recorded sliding coefficient of friction, ~smu' with 

pressure for unfilled and glass-fllied Teflon at velocities of 0.1, 1, 4 and above 10 Wsec. As 
expected, me coefficient of friction reduces with increasing pressure. The pressure at which 
levelling off occurs depends on the sliding velocity. This limit value of pressure increases with 

increasing velocity of sliding. At velocity of 0.1 inlsec, it is about 5000 psi. At velocities 
exceeding 10 in/sec, it appears (0 be larger than 6,500 psi. Furthennore, the rate of reduction of 
the sliding coefficient of friction with increasing pressure depends strongly on the sliding 
velocity. This rate is larger at a high velocity of sliding. 

Figure 5-10 ~hows the variation of the breakaway value of the coefficient of friction with pres
sure at a velocity of 0.1 in/sec. In this case, leveIIing off occurs at a pressure of about 5000 psi. 
The trend is similar to that for the sliding coefficient of friction at sliding velocity of 0.1 in/sec. 

There is one inconsistency in the data depicted 10 Figure 5-7. The recorded value of ~sm&l( at 0.1 

in/sec velocity and pressure of 3,000 psi (test No. 207) appears to be twice as much as expected. 
In this test, the ratio of the breakaway to sliding value was much lower than in all other tests 
conducted at the same velc.city (0.1 in/sec) on unfilled Teflon. 

5.8 Effect of Surface Finish 

Measurements of the surface roughness of the stainless steel plate in the two directions of parallel 
to lay (P) and perpendicular to lay (T) have shown that the roughness in the ,,... direction was 

about 30% more than in the "P" direction. This is a small difference. The recorded values of 
friction in the latter case are less than in the fonner case (see Figures 5-2 and 5-5 to 5-7). The 
difference diminishes at 6,500 psi pressure. At the pressure of 1,000 psi, the recorded friction in 

the "P" direction is about 15% less than that in the ''T'' direction. 
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5.9 Effect of Type of Tenon 

The addition of glass ft.ller to Teflon results in an increase in breakaway and sliding coefficient of 
friction that appears to be related to the quantity of filler and bearing pressure. At a pressure of 
6,500 psi, the coefficient of friction is practically unaffected by the amount of filler. At lo .... ·er 
pressures, glass filled Teflon exhibits higher friction than unfilled Teflon. The difference appears 
to increase with decreasing pressure. 

The amount of glass filler has a rather complicated effect on friction. At a pressure of 1,000 psi, 
friction of 15% glass filled Teflon is higher than that of 25% glass filled. The opposite is ob
served at higher pressures. 

5.10 Comparison With Other Studies 

Comparison of experimental data obtained by different researchers is important but difficult 
because in many cases, the conditions under which the tests are conducted are inadequately 
reported. One cannot ignore the influence a laboratory test method may have on the recorded 
data. 

One of the earliest studies of Teflon-steel interfaces was reported by Thompson et al [9]. The 
apparatus used in the Thompson studies ha!. been described in the Introduction. Tests were 
conducted on unfilled Teflon sliding against stainless steel of an Rq value (RMS) of 2J.Lin 

(0.05~m) and velocity of about 0.1 in/sec. The conditions appear to be very close to those in our 
tests conducted with the direction of sliding parallel to tht: lay. Table 5-I1I compares the two sets 
of data. The comparison is very good. 

Taylor's [10] experiments were conducted on interfaces that have been run-in previously at high 
pressure. Only one test has been conducted on fresh unfilled Teflon mating with stainless steel 
of R. roughness of 0.025 to 0.05~m. At a very low speed (O.OOOH in/sec) and pressure of 5,000 

psi, the recorded value of breakaway coefficient of friction was 0.028. Interpolating our results, 
a value of 0.04 to 0.045 at a velocity of 0.1 in/sec is obtained. The two values compare favorably 
when considering that the roughness in these tests was about twice that in Taylor's experiments 
(velocity may had an influence as well). 

Tyler's study [13] is "ertainly the most interesting one as it has been carried out at conditions of 
interest in betsc isolation. Tyler did not take measurements of the stainless steel surface rough
ness but rather assumed that is in the range of 0.05 to 0.15J.lm in the R. scale (mirror finish). The 

tests were conducted at different frequencies and amplitudes than the te~ts in this study. Further
more, Tyler concentrated on the breakaway value of the coefficient of friction which appears to 
be sensitive to the interface condition at the start of each experiment. 
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Table 5-111 Comparison of Sliding Coefficient of 
Friction In Thompson's Tests [9] and Our Test. 

Preuure Coefficient 01 Fric'ion at 0.1 in/sec 
(psi) Thompson Oura I!-o) 

1000 0.022 0.027 
2000 0.017 0.017 
3000 0.016 0.015 
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A comparison of some data from this study to those obtained by Tyler is presented in Table 5-1V. 
Only pressure and peak velocity are shown in the table, which are the most influential 
parameters. Data from this study has be~n compiled from the data obtained in the parallel and 
perpendicular to lay direction of sliding. The two sets of data compare quite well. 
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Table 5-IV Comparison of Breakaway Coefficient 
of Friction In Tyler's Tests [13] and Our Tests 

Tyler Ours 

Pressure" Peak Velocity"" 118 Pressure Peak Velocity I1e 
(psi) (in/sec) (psi) lin/sec) 

1100 3.74 0.135 1000 -4 0.136-0.188 

1100 14.76 0.178 1000 15 0.178 

1100 14.76 0.176' 
2100 5.33 0.129 2000 4-6.28 0.101-0.132 

2100 8.90 0.105 2000 -9.4 0.124-0.143 

2100 14.76 0.119 2000 -9.4 0.142' 

2100 14.76 0.155tt 2000 15 0.158 

3300 2.50 0.070 3000 2 0.074-0.078 

3300 14.76 0.116 3000 14.97 0.117 

Loaded Overnight 

It Loaded lor 2 1/4 hours 

Approximate Value 

Calculated lrom Frequency and Stroke 
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SECTION 6 
MATHEMATICAL MODELING 

It has been known and further demonstrated in this experimental study that Teflon·steel inter· 
faces do not behave according to Coulomb's law of friction. The dependency of the coefficient 
of friction on the sliding velocity and bearing pressure is significant enough to warrant considera
tion of these factors on the dynamic response of sliding isolation systems. 

The coefficient of sliding friction at sliding velocity Ii may be approximated by the following 
equation: 

J.ls = fmu - Of ~xP (-ahil ) (6-1) 

in which fmax is the coefficient of friction at large velocity of sliding (after levelling off) and Of 

is the difference between f:>lu and the sliding value at very low velocity. Furthennore, a is a 

constant for given beaoirif pressure and condition of interface. Table 6-1 presents values of fmu' 

Of and a for various conditions of Teflon-steel interface and pressure that resulted in the solid 
line curves in Figure 5-2 to 5-S. It is apparent that Equatiorl 6-1 reproduces with good accurac:: 
the results of eXl:>eriments. 

For dynamic analysis of sliding isolation systems. Equation 6- t may be used to adjust the coeffi
cient of friction according to the value of the sliding velocity. The incorporation of breakaway 
and reversal friction may be done by adjustment of J.ls to a higher value (by a factor of 2 to 3) at 

initiation of sliding. Funhennore, the effect of fluctuations in the bearing pressure may be 
incorporated by continuously adjusting the values of fmu' Of and a (use of interpolation in this 

case is necessary). Fluctuations in the bearing pressure are caused by the venical component of 
ground motion and by overturning moments in slender systems. 

6.1 Modified Coulomb Model 

The analysis of motion with friction in a single plane direction is relatively easy. This kind of 
motion arises in symmetric structural systems with the ground motion consisting of components 
lying in a vertical plane. The analysis of th:s kind of motion has been the subject of numerous 
investigations [42-44, 49. 68]. All these studies utilized Coulomb's model of friction. 

When the frictional interface consists of Teflon bearings, the analysis maJ be performed by the 
procedures presented in References 42-44, 49 and 68 with the frictional force, F,.. described by 

the following equation: 

(6-2) 
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Table 6-1 Constants Ima •• Dt and a 

Type ot Pressure Sliding f ..... ~ a 
T.flon (psi) Direction ("!o) ("10) (secAn) 

UF 1000 P 11.93 9.27 0.60 
UF 2000 P 8.70 6.95 0.60 
UF 3000 P 7.03 552 0.80 
UF 6500 P 5.72 4.85 0.50 

15GF 1000 P 14.61 10.60 0.60 
15GF 2000 P 10.0S 5.80 0.55 
15GF 3000 P S.49 4.17 0.60 
15GF 6500 P 5.27 3.12 0.70 

25GF 1000 P 13.20 7.66 0.65 
25GF 2000 P 11.20 6.33 0.65 
25GF 3000 P 9.60 5.20 0.32 
25GF 6500 P 5.89 2.70 0.90 

UF 1000 T 14.20 11.81 0.45 
UF 2000 T 10.50 8.78 0.70 
UF 3000 T 8.20 5.30 0.55 
UF 6500 T 5.50 4.39 0.45 
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in which W is the weight of the system above the level of the bearings and ~. is given by Equa

tion 6-1. In this case, Ii is the velocity of the base mat of the isolated structure relative to the 
foundation slab. Equation 6-2 is, of course, valid during sl~ding of the interface. The transition 
from sticked to sliding mode of motion and vice versa is conttoUed by stick·slip conditions as 
described in References 42-44, 49 and 68. This model is referred to as the Modified Coulomb 
Model. 

6.2 Modified Viscoplasticity Model 

There are certain complications that arise in the use of the Modified Coulomb Model. The most 
important one arises in the use of the model for the analysis of systems with multiple support 
motion and in systems in which each Teflon bearing undergoes different motion than other 
bearings. This situation occurs in bridges in which Teflon bearings are placed on top of flexible 
piers. Situations like this require the use of multiple stick-slip conditions which control the 
transition from one mode of motion to another. Each one of these modes of motion is governed 
by different equations of motion. 

A model that accounts for sticking and sliding by itself is presented herein. It is based on princi
ples of the theory of viscoplasticity and it will be referred to as the Modified Viscoplasticity 
Model. This model is based on the following equation which was originally proposed by Bouc 
(691 and subsequently extended and used by Wen and co-worker:, [70, 71) in random vibration 
studies of hysteretic systems: 

YZ + Y luIZIZln.) ... pulZln - Au :: 0 (6-3) 

in which u stands for the velocity, Z is a hysteretic dimensionless quantity and P. y. A ar.d Tl are 
dimensionless constlOts. Furthennore, Y represents a displacement quantity. Constantinou and 
Adnane [72] have shown that when A= I and p + y:: 1, the model of Equation 6-3 collapses to a 
model of viscoplasticity that was proposed ')y Ozdemir [73]. In this case. Y represents the yield 
displacement while 11 controls the mode of transition into the inelastic range. The model exhibits 
a rate dependency which reduces with increases in the value ;)f exponent 11 and/or increases in 
the ductility ratio. 

The frictional force is given by 

(6-4) 

which is essentially identical to Equation (6-2). 1t should be noted that during sliding (yielding), 
Z takes values of ±l. During sticking {elastic behavior), the absolure value of Z is less than 
unity. The conditions of separation and reattachment are accounted for by Equation 6-3. 
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A problem with the viscoplasticity model is its inability to reproduce truly rigid-plastic behavior. 
However, Teflon-steel interfaces undergo some very small elastic displacement before sliding. 
This elastic displacement, that is apparent in the hysteresis loops in Appendix A. is partially 
elastic defonnation of Teflon and partially elastic defonnation of the stainless steel plate. 
Appropriate values for the yield displacement. Y, are in the neighborhood of 0.005 inches. With 
such low yield displacement, the resulting ductility ratio (max. displacement to yield displace
ment) is very large. As such, the model exhibits an insignificant rate dependency and the value 
11=2 together with ~=O.I and y=O.9 produces hysteresis loops that are in good accord with 
experimental results. 

Figure 6-1 presents hysteresis loops produced by the viscoplasticity model of Equations 6-1, 6-3 
and 6-4. The results in this figure were produced by numerically simulating experiments No. 62 
and 7S (see Appendix A). These tests were conducted on unfilled Teflon, in the parallel tv lay 
direction and at 1,000 psi pressure. Apart from the regions around breakaway and reversal of 
motion, the model reproduces well the experimental results. T:le incorporation of breakaway and 
reversal friction in this model is currently under investigation. 

The two models, modified Coulomb and modified viscoplasticity, are compared in the following 
simple example. A rigid mass is a~sumed to be supponed on Teflon-steel interfaces at a bearing 
pressure of 2,000 psi {conditions UF and Pl. The mass is excited by ground motion which 
consists of the first 10 secs of the SOOE component of the 1940 El Centro eanhquake. Figure 6-2 
presents time histories of the sliding displacement, U, and total acceleration, Db of the mass. The 
agreement between the results of the two models is very good. Of interest is to note the small 
difference in the total acceleration at the start of the motion and in the interval of 6 to 8 secs. 
During these intervals, the system responds in the sticked mode. In the modified viscoplasticity 
model, sticking is accounted for by very small amplitude vibration in !he elastic range. This 
explains the small difference in th~ responses as calculated by the two models. Suppression of 
this elastic vibration may be accomplished by introduction of viscous damping that acts only in 
the elastic range of response of the viscoplasticity model. 
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SECTION 7 
APPLICATION OF RESULTS 

In this section, the proposed model of friction of Teflon-steel interfaces is applied in the analysis 
of base-isolated structures that incorporate such interfaces together with centering force devices. 

7.1 Comparison of Proposed Model to Coulomb's Model 

The implications of using Coulomb's model of frictiof'! iiO 'he analysis of structures supported by 
Teflon bearings are demonstrated with the following example. A rigid structure is considered 

supported on Teflon bearings at a pressure of 1,000 psi. The conditions at the interface are, those 
of unfilled Teflon with the sliding direction parallel to the lay. The ground is excited by 
sinusoidal acceleration of amplitude D,o and circular frequency w. Figure 7 -I shows the sliding 
displacement, U, and total acceleration, Dh time histories of the rigid structure when D,o=o.05g 

and w=1t rad/sec. The solid line represents the exact response whe:t accountillg for the variation 
of the coefficient of friction with the velocity. The dashed lines show the response when using 
Coulomb's model with constant friction which takes either the minimum value (at zero velocity) 
or the maximum value (at high velocity) or an average value. In this case of "weak" excitation, 
the use of Coulomb's model with an average value of the friction coefficient results in responses 
that are close to exact. 

Figure 7-2 shows the response of the rigid structure when the amplitude iJao is increased to 0.25 
g. In this case of "strong" excitation, the use of Coulomb's model with the maximum value of 
friction results in responses that are clos~ to exact. 

Finally, Figure 7-3 shows the response of the structure when excited with the SOOE component of 
the EI Centro earthquake. The use of Coulomb's model with maximum friction predicts the peak 
total acceleration quite accurately. The actual time history of the acceleration, however, is very 
different in the two models. Higher frequency content in the case of Coulomb's model with 
maximum friction is ?pparent in Figure 7-3d. This i~ apparently a consequence of more stick
slip tendencies in C;)ulomb's model. The displacement response (Figure 7-3a) is different in '.he 
four models. The Coulomb's model with maximum friction predicts a displacement response 
that approximates the exact one but with considerably more sticking. 

The preceding example illustrates the significance of the variation of the friction force with 
velocity. The use of the constant friction Coulomb model may result in a useful estimation of the 

peak responS( only if an appropriate value of the coefficient of friction is used. This value 
depends on the resulting sliding velocity at the isolati0n interface, which itself depends on the 
characteristics of the structural system and of the excitation. Postulation of this velocity is 

certainly very difficult. 
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7.2 Analysis of Base-Isolated Structures Incorporating Tenon Bearings and Centering 
Force Devices 

The earthquake response of a simple structure consisting of either 3 or 6 stories is now con
sidered. The structure is supported by a sliding isolation system that incorporates Teflon sliding 
bearings and rubber springs. The sliding bearings are made of unfilled Teflon and bearing 
pressure is assumed to be the same for all bearings at 1,000, 2,000 or 3,000 psi. The rubber 
springs do not carry any vertical load (eg. Ikonomou and TASS system) and provide a total 
horizontal stiffness Kb. The rigid body period of the system is defined as 

T = 21t (Yi.)I!2 
o gKt, (7-1) 

in which W is the weight of the structure. Furthennore, the rubber springs provide an equivalent 
viscous damping factor in the rigid body of vibration equal to 0.05. Damping in the superstruc
ture is assumed to be 2% of critical. 

Spectra of the basemat displacement and base shear, nonnalized respectively by the peak ground 
displacement and weight. are presented in Figures 7-4 and 7-5 for the EI Centro input. Values of 
T b vary between 0.2 and 4 sees. The solid line represents the response of a linear isolation 

system with the same period T b but with a viscous damping factor of 0.10. It represents a high 

damping rubber isolation system. All three sliding isolation systems have a basemat displace
ment that is substantially lower than that of the elastomeric isolation system. Base shear is 
slightly larger in the sliding systems (appropriate values ofTb for sliding systems are larger than 

3 sees). Still, however, the base shear coefficient is aoom 0.2 for which a structure may remain 
elastic. When comparing the elastomeric isolation system with Tb=2 sees and the sliding systems 

with Tb=4 sees (these are easily realizable values), the sliding systems show a clear superiority. 

Base shears are about the same but the displacement is less in the sliding systems by a factor of 
about 3. 

Figures 7-6 and 7-7 present the response of the system when subjected to N90W ct:llT!ponem of 
the Mexico City earthquake of 1985. This earthquake has a predominant period at about 2.5 
sees. Clearly, in this case, the sliding systems show substantially lower response, both in the 
displacement and base shear. than the elastomeric isolation system. Furthermore, a comparison 
of Figures 7-4 and 7-5 to Figures 7-6 and 7-7 confinns the low sensitivity of sliding isolation 
systems to the frequency content of excitatioll. 

It is evident in Figures 7-4 to 7-7 that a sliding isolation system designed for a bearing pressure 
of 1000 psi will undergo a lower base mat displacement than either sliding systems designed at 
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higher pressure or elastomeric systems. This is apparently due to higher mction in low pressure 
Teflon bearings. As a consequence of this higher friction, it would be expected that base shear in 
low pressure sliding isolation systems is higher than in high pressure sliding systems. Figures 
7-4 to 7-7 provide evidence to the contrary. Around resonance areas (values of Tb close to 

predominant earthquake period), low pressure sliding isolation systems have a base shear coeffi
cient that is lower than the corresponding coefficient in higher pressure systems. 

The behavior is sir.1ilar to that of a viscously damped harmonically excited single-degree-of 
freedom system of which the base shear decreases with increasing damping factor in the reso
nance region (excitation frequency to natural frequency less than ..fi.). It may be concluded that 
sliding isolation systems exhibit a behavior that resembles that of highly damped linear systems. 
The authors caution the reader to avoid generalization of this statement. Replacement of a 
frictional system with an equivalent viscous system may not be possible. The preceding observa
tion suggests that the use of low pressure Teflon bearings in sliding isolation systems may be 
preferable. 
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SECTION 8 
CONCLUSIONS 

A number of tests (total of 164) were conducted on unfilled and glass-filled Teflon in contact 
with polished stainless steel at bearing pressure of 1,000, 2,000, 3,000 and 6,500 psi and sliding 
velocity of 0.1 to about 20 in/sec. The effects on friction of pressure, velocity, acceleration, type 
and condition of interface and type of test were investigated. The following conclusions have 
been derived. 

1. The type of test (sinusoidal or sawtooth displacement input) has an insignificant effect 
on the value of the sliding coefficient of friction. Only a minor effect on the recorded 
value of breakaway friction was observed. 

2. The effect of relative acceleration at the sliding interface is not important. 

3. Sliding velocity has :m imponant effect on the coefficient of sliding friction. Friction 
increases rapidly with increasing velocity up to a cenain value of velocity beyond 
which it remains constant. This value of velocity is between 4 and 8 in/sec. The 
lower limit applies for interfaces at high pressure and the upper limit applies for 
interfaces at low pressure. 

4. Friction decreases with increasing bearing pressure. The rate of reduction depends 
strongly on the sliding velocity. It is greatest at high velocity. The value of pressure 
beyond which friction is independent of pressure is about 5,000 psi at 0.1 in/sec 
velocity and more than 6,500 psi at velocities exceeding 10 in/sec. 

5. Friction of unfilled Teflon is lower than friction of glass-filled Teflon under identical 
conditions of testing. The difference appears to reduce with increasing pressure and it 
almost diminishes at the pressure of 6,500 psi. 

6. The friction of glass-filled Teflon at 15% by weight composition was lower than that 
of glass filled at 25% composition at pressures exceeding 2000 psi. The opposite was 
observed at the pressure of 1,000 psi. Differences were not substantial. 

7. For sliding parallel to lay, friction of unfilled Teflon was slightly less than when 
sliding was perpendicular to lay. The surface roughness of stainless steel in the latter 
case was about 30% more than in the fonner case (O.04~m versus O.03~m R.). The 

difference in the recorded value of friction showed a reduction with increasing 
pressure and diminished at the pressure of 6,500 psi. 
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8. The recorded values of breakaway and sliding coefficient of friction appear to com
pare well with data reported by orner investigators. 

9. Mathematical models of friction have been developed and shown LO be capable of 
reproducing the behavior observed in the laboratory. 

10. Applicatio!l of these mathematical models in the analysis of sliding isolation systems 
has shown that the use of Teflon bearings at low bearing pressure may be ad

vantageous over the use of bearings at high pressure. 
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NAnOSAL CE:\TER FOR EARTHQt:AKE ESGlSEER~G RESEARCH 
LIST OF Pt:BLlSHED TECHSICAL REPORTS 

The NlllionaI Center for Earthquake Engineering Research (NCEER) publishes technical reports on a variety of subjects related 
to earthquake en&ineering written by authors fwnded through NCEER. These reports are available from both NCEER's 
Publicillions Department and the National TedU1icallnformation Service (NTIS). Requests for reports should be direcled to Lhe 
Publicillions Department. National Center for Earthquake Engineering Resear~h. State University of New York at Buffalo, Red 
JiK:ket Quadrangle, Buffalo, New York 14261. Reports Cln also be requesled through NTIS, 5285 Pon Royal Road, Springfield. 
Virginia 22161. N11S accession numbers are shown in parenthesis, if available. 

NCEER-87-0001 

NCEER-87-0002 

NCEER-87-0003 

NCEER-87-0004 

NCEER-87 -0005 

NCEER-87 -0006 

!'.'CEER -87 -0007 

NCEER-87-0008 

NCEER·8i-0009 

l'\CEER-87 -0010 

NCEER-87-0011 

NCEER-87 ·0012 

NCEER-87-0013 

NCEER-87·0014 

NCEER-87-0015 

NCEER-87 -0016 

"First-Year Program in Re~earch, Education and Technology Transfcr," 3/5/87, (PBS)!· 134275/AS). 

"Experimental Evaluillion of Instantaneous Optimal Algorithms for Structwal Control," by R (' Lin. 
T.T. Soong and A.M. Reinhorn. 4{20/117, (PB88·134341/AS). 

"Experimentation Using the Earthquake Sunulation Facilities at lIniv ... rsity at Buffalo," by A.M 
Reinhom and R.L. Ketler, to be published. 

'The System Characteristics and Performance of a Shaking Table," by 1.S. Hwang, K.C. Chang and 
G.c.~, 6/1/87. (PB88-134259/AS) 

"1\ Fimte Element Formulation for Nonlmear Viscoplastic Material Using a Q Model," by O. Gyebi and 
G. Dasgupta, 1\f2/87, (PB!l8·213764/AS). 

"Symbolic Manipulation Program (SMP) . Algebraic Codes for Two and Three Dimensional Finite 
Element Formulations," by X. Lee and G. Dasgupta, 1119/87, (I'B88·219522/AS). 

"Instantaneous Optimal Control La .... , lor Tall Buildings Under Seismic Elicitations," by J.N. Yr.."'lg, A. 
Akbarpour and P. Ghacmrnaghami, 6/10;87, (pB88·134333/AS). 

"IDARC: Inel ... tic Damage Analysis of Reinforced Concrete Framc . Shear·Wall Structures," hy Y.] 
Park, A.M. Reinhom and S.K. Kunnath, 7120/'ll7. (PRK!!-134325/AS). 

"Liquefaction Potential for New York State: A Preliminary Rcpon on Sites m Manhattan and Buffalo,' 
by M. Budhu, V. ViJayakumar, R.F. Giese and L Baumgras, 8m/R7, (PB8!l.1637()4/AS). This report 
is available only through NTIS (sec address given above). 

"Verti,~1 and Tor.;ionaJ Vibration of Foundations in Inhomogeneous Media." by AS Vcletsos and 
K.W. Dolson, 6/1/87, (PB88-134291/AS). 

"Seismic Probabilistic Risk Assessment and Scismic Margins Studies for Nuclcar Power Plants," by 
Howard H,M. Hwang, 6/15/87, (pB88·134267/AS). This rcpon is available only through NTIS (see 
address given above). 

"Parametric Studies of Frcquency Response of Secondary Systems Under Ground·Acceleration 
Excitations," by Y. Yong and Y.K. Lin. 6/10/87, (PB88·134309/AS). 

"Frequency Response of Secondary Systems Under Seismic Excitation," by lA. HoLung, J. Cai and 
Y.K. Lin, 7/31/87,(PB88.134317IAS). 

"Modelling Earthquake Ground Motions in Seismically Ani\le Regions Usin~ Parametric Time Series 
Methods," by G.W. Ellis and A.S. Cakmak, 8125/'1l7, (PB!l8·1342!(1/AS). 

"Detection and Assessment of Seismic StruclUral Damage," by E. DiPasquale and A.S. Cakmak. 
8/25/87, <PB88-163712/AS). 

"Pipeline hperimcnt at Parkfield, California," by 1. Isenberg and E. Richardson. 9/15/87. 
(PB88·163720/A5). 
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NCEER-87-0025 

NCEER-87 -0026 
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NCEER-87 -0028 
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NCEER·88-OOO2 

NCEER-88-OOO3 

NCEER-88-0004 

NCEER-88-oooS 

NCEER·88-000ti 

NCEER-88-OOO7 

"Digital Simulation of Seismic Ground Motion." by M. Shinozuu. G. Dcodalis and T. HII'Ida. 8/31/81, 
(PB88.lSS197IAS). This report is available only throullh NTIS (see Iddresl given .hove). 

"Practical Consi<icr81ions for StrucllD'a1 Conll'ol: System Uncertainly, System Time Delay md Trunca· 
tionor Small Control Forces," I.N. YI1\Il and A. Akbarpour, 8110/87, (PB88-163738/AS). 

"Modal Analysis of Nonclassically Damped SlI'Ucrural Systems Using Canonical Transfonnation." by 
J.N. Vutg, S. Sarklni and F.X. Long, 9!27187, (PBSS·187851/ASj. 

"A Nonst81ionl!'y Solution in Random Vibr81ion Theory," by J.R. Red·Horse and p.O. Spanos, 11{3/87, 
(PB88-163746/AS). 

"Horizontal Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by A.S. Veletsos and 
K.W. Dot50n, 10/15/tn, (PB88-150859/AS). 

"Seismic Damage Assessment of Reinforced Concrete Members," by Y.S. ChlDlg, C. Meyer and M. 
Shinozuka. 1019187, (PB88-1S0867/AS). This report is available only through NTIS (see Iddress given 
above). 

"Active Slnlctural Conll'ol in Civil Engineering," by T.T. Soong, 11/11/87, (PR88-187778/AS). 

Venical and Torsional Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by K.W. 
Dotson and A.S. 'Vcle\50s, 12/87, (PB~8·187786IAS). 

"Proceodings from the Symposium on Seismic Hazards. Ground Motions, Soil·LiquefllCtion and 
Engineering Practice in Eastern North An.eric .... Oclober 20·22, 1987, ediled by K.H. lacob, 12/87, 
(pB88·18S1 ISlAS) 

"Report on the Whinier-Narrows, Ciliforrtia. Earthquake of October I, 1987," by 1. PUllelic and A. 
Reinhom, 11/87, (PB88·1877S2IAS). This report is available only through NTIS \~ address given 
above). 

"Design of a Modular Program for Transient Nonlinev Analysis of Large 3-D Building SlI'Uctures," by 
S. Srivastav and J.F. Abel, 12/30187, (pB88-187950/AS). 

"Second-Yev Program in Researrh. Education and Technology Transfer," 3!8!8g, (PB88-219480JAS). 

"Workshop on Seismic Computer Analysis and Design of Buildings With Interactive Graphics," by W. 
McGuire, J.F. Abel and C.H. Conley, 1/18188, (PB88-187760/AS). 

"Optimal Control of Nonlinear Aexible Structures," by J.N. Yang, F.X. Long and D. Wong, 1122/88, 
(PB88·2137721AS). 

"Substrucruring Techniques in the Time Domain for Primary-Secondary Structural Systems," by G.D. 
ManolIS and G. Juhn, 2110/88, (PB88-213780/AS). 

"Iterative Seismic Analysis of Primary· Secondary Systems:' by A. Singhal, L.D. Lutes Uld P.O. 
SPUlOS, 2/2.1{88, (PB88-213798/AS). 

"Stochastic Firtite Element Expansion for Random Media," by P.O. SplnOS and R. Ghanem, 3/14/88, 
(PB88-213/l06/AS). 

"Combining Structural Optimiz;alion and Slructural Conlml," by F.Y. Cheng and C.P. Pantelides, 
1/10/88, (PB88-213814/AS). 

"Seismic Perfonnance Assessment of Code.Designed StrUctures," by H.H·M. Hwan" J·W. Jaw and 
H·1. Shau, 3/20/88, (PB88-219423/AS). 
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