NATIONAL

COOPERATIVE HIGHWAY RESEARCH

PROGRAM
REPORT

ELASTOMERIC BEARING
RESEARCH

HIGHWAY R E S E A R C H
NATIONAL

RESEARCH

NATIONAL

ACADEMY

BOARD

COUNCIL
OF S C I E N C E S - N A T I O N A L ACADEMY

OF

ENGINEERING

HIGHWAY RESEARCH BOARD 1970
Officers
D. GRANT MICKLE, Chairman
CHARLES E . SHUMATE, First Vice Chairman
ALAN M . VOORHEES, Second Vice Chairman
W. N . CAREY, JR., Executive Director
Executive

Committee

F. C. TURNER, Federal Highway Administrator, V. S. Department of Transportation (ex officio)
A. E . JOHNSON, Executive Director, American Associate of State Highway Officials (ex officio)
ERNST WEBER, Chairman, Division of Engineering, National Research Council (ex officio)
DAVID H . STEVENS, Chairman, Maine State Highway Commission (ex officio, Past Chairman, 1968)
OSCAR T. MARZKE, Vice President, Fundamental Research, U. S. Steel Corporation (ex officio. Past Chairman, 1969)
DONALD S. BERRY, Department of Civil Engineering, Northwestern University
CHARLES A. BLESSING, Director, Detroit City Planning Commission
JAY W. BROWN, Director of Road Operations, Florida Department of Transportation
J. DOUGLAS CARROLL, JR., Executive Director, Tri-State Transportation Commission. New York
HOWARD A. COLEMAN, Consultant, Missouri Portland Cement Company
HARMER E . DAVIS, Director, Institute of Transportation and Traffic Engineering, University of California
WILLIAM L. GARRISON, School of Engineering, University of Pittsburgh
SIDNEY GOLDIN, Consultant, Witco Chemical Company
WILLIAM J. HEDLEY, Consultant, Program and Policy, Federal Highway Administration
GEORGE E. HOLBROOK, E. I. du Pont de Nemours and Company
EUGENE M . JOHNSON, President, The Asphalt Institute
JOHN A. LEGARRA, State Highway Engineer and Chief of Division,California Division of Highways
WILLIAM A. McCONNELL, Director, Operations Office, Engineering Staff, Ford Motor Company
JOHN J. McKETTA, Department of Chemical Engineering, University of Texas
J. B. McMORRAN, Consultant
D. GRANT MICKLE, President, Highway Users Federation for Safety and Mobility
R. L. PEYTON, Assistant State Highway Director, State Highway Commission of Kansas
CHARLES E . SHUMATE, Executive Director-Chief Engineer, Colorado Department of Highways
R. G. STAPP, Superintendent, Wyoming State Highway Commission
ALAN M . VOORHEES, Alan M. Voorhees and Associates
NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM
Advisory

Committee

D. GRANT MICKLE, Highway Users Federation for Safety and Mobility (Chairman)
CHARLES E. SHUMATE, Colorado Department of Highways
ALAN M . VOORHEES, Alan M. Voorhees and Associates
F. C. TURNER, U. S. Department of Transportation
A. E . JOHNSON, American Association of State Highway Officials
ERNST WEBER, National Research Council
DAVID H. STEVENS, Maine State Highway Commission
OSCAR T. MARZKE, United States Steel Corporation
W. N . CAREY, JR., Highway Research Board
General Field of Design
Area of Bridges
Advisory Panel C12-9
J. E . MEYER, Michigan Department of State Highways (Chairman)
J. N . CLARY, Virginia Department of Highways
W. B. DRAKE, Kentucky Department of Highways
A. L. ELLIOTT, California Division of Highways
T. R. HIGGINS, American Institute of Steel Construction
C. L. HULSBOS, University of New Mexico
W. H. MUNSE. University of Illinois
F. A. REICKERT, Haielet and Erdal
1. M . VIEST, Bethlehem Steel Corporation
C. F. SCHEFFEY, Federal Highway Administration
L. F. SPAINE, Highway Research Board
Program

Staff

K. W. HENDERSON, JR., Program Director
W. C. GRAEUB, Projects Engineer
J. R. NOVAK, Projects Engineer
H. A. SMITH, Projects Engineer
W. L. WILLIAMS, Projects Engineer

HERBERT P. ORLAND, Editor
ROSEMARY S. MAPES, Editor
CATHERINE B. CARLSTON, Editorial Assistant
L. M . M a c G R E G O R , Administrative Engineer

NATIONAL

COOPERATIVE

HIGHWAY

RESEARCH

109

PROGRAM
REPORT

ELASTOMERIC BEARING
RESEARCH

JOHN

C . MINOR AND

R I C H A R D A. E G E N

B A T T E L L E MEMORIAL

INSTITUTE

COLUMBUS,

OHIO

RESEARCH SPONSORED BY THE AMERICAN ASSOCIATION
OF STATE HIGHWAY OFFICIALS IN

COOPERATION

WITH THE FEDERAL HIGHWAY ADMINISTRATION

SUBJECT CLASSIFICATIONS!

FEB

1

6

197)

BRIDGE DESIGN
GENERAL MATERIALS

HIGHWAY R E S E A R C H
DIVISION
NATIONAL

OF ENGINEERING

BOARD
NATIONAL

RESEARCH COUNCIL

ACADEMY OF SCIENCES —NATIONAL

ACADEMY OF ENGINEERING

^9^0

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM
Systematic, well-designed research provides the most effective approach to the solution of many problems facing
highway administrators and engineers. Often, highway
problems are of local mterest and can best be studied by
highway departments individually or in cooperation with
their state universities and others. However, the accelerating growth of highway transportation develops increasingly
complex problems of wide interest to highway authorities.
These problems are best studied through a coordinated
program of cooperative research.
In recogmtion of these needs, the highway administrators
of the American Association of State Highway OfiScials
initiated in 1962 an objective national highway research
program employing modem scientific techniques. This
program is supported on a continuing basis by funds from
participating member states of the Association and it receives the full cooperation and support of the Federal
Highway Administration, Umted States Department of
Transportation.
The Highway Research Board of the National Academy
of Sciences-National Research Council was requested by
the Association to administer the research program because
of the Board's recognized objectivity and understanding of
modem research practices. The Board is uniquely suited
for this purpose as: it maintams an extensive committee
structure from which authorities on any highway transportation subject may be drawn; it possesses avenues of communications and cooperation with federal, state, and local
govemmental agencies, universities, and industry; its relationship to its parent organization, the National Academy
of Sciences, a pnvate, nonprofit institution, is an insurance
of objectvity; it maintains a full-time research correlation
staff of specialists in highway transportation matters to
bring the findings of research directly to those who are in
a position to use them.
The program is developed on the basis of research needs
identified by chief administrators of the highway departments and by committees of AASHO. Each year, specific
areas of research needs to be included in the program are
proposed to the Academy and the Board by the American
Association of State Highway Ofiicials. Research projects
to fulfill these needs are defined by the Board, and qualified
research agencies are selected from those that have submitted proposals. Admimstration and surveillance of research contracts are responsibilities of the Academy and
its Highway Research Board.
The needs for highway research are many, and the
National Cooperative Highway Research Program can
make significant contributions to the solution of highway
transportation problems of mutual concem to many responsible groups. The program, however, is intended to
complement rather than to substitute for or duplicate other
highway research programs.

NCHRP Report 109
Project 12-9 FY '67
ISBN 0-309-01897-8
L. C. Card No 70-608897

Price: $3.00

This report is one of a series of reports issued from a continuing
research program conducted under a three-way agreement entered
mto m June 1962 by and among the National Academy of SciencesNational Research Coimcil, the American Association of State Highway Officials, and the Federal Highway Administration. Individual
fiscal agreements are executed annually by the Academy-Research
Council, the Federal Highway Administration, and participating
state highway departments, members of the American Association
of Sute Highway Officials
This report was prepared by the contracting research agency. It has
been reviewed by the appropriate Advisory Panel for clarity, documentation, and fulfillment of the contract. It has been accepted by
the Highway Research Board and published m the mterest of
effective dissemination of findings and their application m the formulation of policies, procedures, and practices m the subject problem
area
The opinions and conclusions expressed or unplied m these reports
are those of the research agencies that performed the research They
are not necessarily those of the Highway Research Board, the National Academy of Sciences, the Federal Highway Administration,
the American Association of State Highway Officials, nor of the
individual states participating in the Program.

Published reports of the
NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM
are available from:
Highway Research Board
National Academy of Sciences
2101 Constitution Avenue
Washington, D.C. 20418

(See last pages for list of published titles and prices)

FOREWORD
By Staff
Highway Research

Board

This report is recommended to bridge design engineers, specifications writers, research engineers, rubber technologists, and others interested in the behavior of
elastomeric bearings for engineering applications. The report presents the results
of a reasonably extensive experimental program on elastomeric bearings of three
different materials tested under a variety of situations. Suggestions are offered for
those sections of the A A S H O Standard Specifications for Highway Bridges dealing
with elastomeric bearings.

The development of new elastomers and elastomeric bearing systems is proceeding at a rapid rate. The ability of these bearings and bearing systems to absorb
the various loads and movements occurring i n bridges i n a more efficient manner
and at a significantly lower cost than mechanical bearing systems justifies an effort to
improve current designs. T o achieve this objective, research was contemplated to
evaluate materials for elastomeric bearings as defined in the A A S H O Specifications.
This research was to include a thorough survey of the available Uterature and test
data on elastomeric materials and bearing systems. The research contemplated reasonably extensive laboratory testing conducted on various bearing arrangements
and configurations under conditions simulating as nearly as practicable actual bridge
conditions.
I n response to the foregoing stated desires, the Battelle Memorial Institute
undertook NCHRP Project 12-9 with the objectives of evaluating the effects of
geometry on compressive strain, compressive set, shear modulus, and rotational
modulus of elastomers with hardness between SO and 70 durometer by testing
realistic size specimens. The researchers also studied the effects of lamination, the
relative performance of glued laminated pads compared to fully vulcanized units,
the relative performance of molded bearings versus bearings sawed from larger
sheets, and an evaluation of the aging''and low-temperature characteristics of various
elastomers.
The report describes in detail how the experimental work was conducted and
the significance of the results as applied to design criteria in common use today. As
is weU known, the design and development of elastomeric bridge bearings has been
traditionally empirical, with the result that conflicts exist throughout current
specifications and practices. The researchers attempted to resolve this situation
by validating theoretically generated design criteria, hence producing more rational
and realistic design methods. This effort to transform an empirically based semiscience into theoretically sotmd rational design criteria produced interesting and
unexpected results.

Based on the research findings, several modifications to the current ^ S H O
Specifications are suggested. I n any case, the research results do offer insight into
the significance of the physical properties of elastomeric materials and also an
insight into the geometry-related behavior of those materials when assembled into
elastomeric bearing systems.
The research has brought to light the need for further studies into the crystallization phenomenon, the identification of physical properties i n elastomeric materials
that will guarantee satisfactory field performance, the need for using a statistically
designed experiment to evaluate interrelationships between various parameters, and
additional work to develop a theoretical predictive method that can adequately
describe the performance of elastomeric bearing systems.
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ELASTOMERIC BEARING
RESEARCH

SUMMARY

The design and development of elastomeric bridge bearings has been almost entirely
empirical. I t is therefore difficult to judge the potential of new materials without
testing. A n effort was made to define and separate those parameters that significantly affect the behavior and performance of elastomeric bridge bearings, to
accomplish the general objective of improving current designs.

The research

included a survey of the literature and available test data, an evaluation (testing)
program, and the analysis of data generated. The evaluation program investigated
( 1 ) shear modulus and stress relaxation, ( 2 ) compressive behavior, ( 3 ) shear and
compression of commercial bearings, and ( 4 ) cyclic shear under constant compression. The major work was accomplished with 50- to 70-durometer neoprene
bonded to steel and neoprene bonded to dacron; some limited testing was done
with natural rubber and ethylene propylene dimonomer ( E P D M ) .

Shear of

neoprene was investigated down to - 4 0 F . Compression tests included a range of
shape factors from 1 to IS and a range in number of laminates f i o m 1 to 18.
The survey of literature and available test data revealed that the state of the
art is empirical in nature, and that many conflicts exist regarding current specifications and practices.

Design information on shape-related

elastomeric bearing

behavior is meager. Only limited usable materials properties information is available; current materials specifications are quality- rather than performance-related.
Little effort has been made to validate empirical predictions with actual bearing
field performance.
Although there may be some question regarding the confidence that may be
placed in the experimental findings, due to a limited amount of testing on a wide
range of parameters, these findings may be considered a further extension of the
understanding of elastomeric bridge bearing performance.

I t was found, as

expected, that the higher the durometer hardness, the greater the shear modulus;
there was some disagreement with published curves. Lower temperatures produced
a marked nonlinear increase in the shear modulus of neoprene. Stress relaxation in
shear showed a general increasing trend with increased shear modulus and, therefore, also with decreased temperature. A large increase in shear modulus (probably
due to crystallization) with time at low temperatures was noted for neoprene; the
greatest increase occurred at about — 20F. Size and shape did not affect shear
modulus to any significant degree, provided bending of tall bearings was properly
accounted for. A relationship between shape factor and compressive strain for
bonded elastomeric bearings was developed for several values of hardness; there
was significant deviation of these results from both empirical (shape factor approach, 2 ) and theoretical predictions (4, J ) . A n explanation of these predictive
methods appears in Appendix F . The theoretical approach appeared valid for low
shape factors; the empirical approach, for intermediate shape factors; and neither,

for high shape factors. Bonded, laminated compressive behavior was predictable
from the results for a single laminate. For neoprene bonded to dacron, the greater
the number of laminations, the greater the compressive strain for the same average
stress. Holes in bearings affected compressive behavior as predicted by the change
in shape factor. No discernable variations in shear modulus were found through
sections of commercial bearings. A small decrease in shear modulus was evident
as a result of shear cycling under constant compression. Compressive creep under
shear cycling showed higher creep for greater hardness values. Possibly because
of laboratory technique, fully vulcanized bonds proved better than^glued bonds.
No problem was encountered in shear-cutting elastomeric sheet stock, or cutting
through elastomer-steel laminates.
I n view of the findings, several modifications of the current American
Association of State Highway OflScials ( A A S H O ) Standard
Highway

Bridges

Specifications

for

(10th ed., 1969) are suggested, so that these specifications will

more closely agree with desired performance and material property requirements.
Application of the research results should lead to a better understanding of the
importance of the various design parameters, particularly in the area of shaperelated behavior.
Recommended research areas include the following:
and temperature on the crystallization of elastomers,

( 1 ) effects of time

( 2 ) over-all materials

properties evaluation leading to standard bridge bearing compounds, ( 3 )

field

evaluation of elastomeric bearing performance, ( 4 ) a statistical approach to the
evaluation of shape-related effects on bonded bearing behavior, and (S) a continued effort to develop a viable theoretical formulation of bearing behavior under
all modes of loading.

CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH
DESCRIPTION OF THE PROBLEM
The state of the art with regard to the design and development of elastomeric bridge bearings can be characterized
in general as being an empirical discipline. The lack of a
commonly accepted basic analytical method for describing
the behavior of elastomeric bridge bearings has resulted in
divergent opinions regarding the design criteria that should
be applied. Because the nature of the interaction of the
various material and shape-related parameters is not clearly
understood, the empirical developments have led to conflicts among the various design criteria, even though satisfactory bearing designs have been developed.

Furthermore, because developments have been empirical and have been concerned primarily with neoprene and
natural rubber, it is difiicult to judge the potential use of
new materials without considerable additional testing of
bearings. Such testing is vital because the properties of the
new materials that are important, and the degree to which
they are important, are not generally known or cannot be
related meamngfuUy to previous experience.
The need, then, is for an effort to define and separate the
various parameters in the design of elastomeric bridge bearings which significantly affect their behavior and performance. The problem centers around the bridge designer.

Unless he can at least understand the short- and long-term
behavior of elastomeric bearings, he will not allow their
use. Their potential to absorb the various loads and movements occurring in bridges in a more efficient manner and
at significantly lower cost than mechanical systems will
remain unrealized. While understanding may seem important, the ability to predict behavior within engineering
accuracy is mandatory as it affects the design and performance of the bridge installation as a whole
OBJECTIVES OF THE RESEARCH
The general objective of the research was to improve current designs of elastomeric bridge bearings. Implicit in this
general objective is the development both of a qualitative
and a quantitative understanding of the behavior of bearings under all conditions that are likely to be encountered
in actual service. Also implicit is the realization of a predictive method for judging alternate bearing designs, either
empirically or theoretically. Once these objectives have
been fulfilled, the bridge design engineer will be able to
judge more rationally the relative merits of specific bridge
bearing recommendations.
Specific objectives outlined in the original project statement and covered by the research plan include evaluation
of the effects of both shape factor and laminations on compressive strain, compressive set, shear modulus, and rotational modulus of elastomeric bridge bearings Also included were performance evaluations of glued versus fully
vulcanized laminates, and molded pads versus pads sawed
from large sheets. Another major objective was the evaluation of aging and low-temperature characteristics of various pads. Several minor objectives covered both material
properties and geometric (shape-related) behavior.
RESEARCH PLAN
The original research plan was divided into four major
tasks, as follows:
1.
test
2.
3
4.

Task
data.
Task
Task
Task

1—Literature survey and survey of available
2—Test planning and equipment design.
3—Evaluation program.
4—Data analysis and final report.

At the conclusion of Task 1 it was apparent that some of
the original objectives had to be modified to develop
meaningful mformation on the behavior of bonded elastomeric bridge bearings. Because of the value to the designer of having a practical, valid design methodology, and
because several conflicting empirical and theoretical approaches were available, it was decided to tailor an experimental evaluation program to cover two major areas;
these were material properties and geometric behavior. The
approved research plan investigated the following aspects
of bonded bridge bearing performance:

Group
Group
Group
sion.
Group

A : Shear Modulus and Stress Relaxation.
B: Compression Behavior.
E: Commercial Bearings, Shear and CompresF: Cyclic Shear Under Constant Compression.

In the area of material properties, Group A investigated
the effects of time, temperature, and previous history on
the shear modulus of natural rubber and EPDM (ethylene
propylene dimonomer) at room temperature, and neoprene
and neoprene-dacron combination at temperatures between
—40 F and -1-75 F. Stress relaxation was smdied by holding
samples at constant shear strain and monitoring the loadversus-time behavior. These experiments were carried out
in an effort to obtain material property data for use in the
other experimental groups, as well as to investigate these
properties from the standpoint of actual elastomeric bridge
bearing use.
Group B experiments covered a parametric evaluation
of compressive bearing behavior. Geometry, lamination,
and holes were varied on samples ranging in size from
laboratory specimens (down to 9 sq in.) to full size (up to
266 sq in.). Materials were neoprene, natural rubber, and
EPDM bonded to steel plates, and neoprene-dacron combination Shape factors ranged from about 1 to 15, number of laminations ranged from 1 to 18, and hardness
ranged between 50- and 70-durometer. All tests were run
at room temperature. In all cases, compressive stress-strain
behavior was compared to that predicted by both theoretical and empirical approaches.
The Group E experiments covered the behavior in shear
and compression of commercial bridge bearings of two
types- neoprene vulcanized and bonded to steel plates, and
neoprene vulcanized and bonded to dacron sheets. The test
conditions were designed to simulate actual bridge bearing
emplacement as nearly as possible, but without rotation or
temperature changes. Tests were run in shear under constant compression between concrete surfaces to shear
strains of ± 5 0 percent, and in compression-only to 2,000
psi stress. An attempt was made to determine the variation in elastomeric material properties throughout the bulk
of each bearing. In all cases, compressive stress-strain
behavior was compared to that predicted by both theoretical and empirical approaches.
The Group F experiments covered the behavior of
laboratory-size sample bearings under constant compressive load and high-rate cycling of shear strain from
-t-50 percent to —50 percent. The bearing materials were
neoprene, natural rubber, and EPDM bonded to steel
plates, and neoprene-dacron combination placed between
steel plates. Hardness was nominally 50-durometer, with
the exception of neoprene, which was tested in 50-, 60-,
and 70-durometer. Bearmgs were sheared cyclically and
continuously for more than two days each to observe the
effects on shear modulus and also on compressive creep.
Table 1 gives the formulation and physical properties of
elastomeric materials.

TABLE 1
FORMULATION AND PHYSICAL PROPERTIES—ELASTOMERIC MATERIALS
Neoprenp (S. O i l Scac«i Rubb*r Co , Arlington, Teiai)
Conpoundlng fonmilatloo
Physical propertlea

proprietary infonnatlon

oeet or exceed a l l applicable AASHO and
State of T « a a apeclficatlons

Neoprepe-Dacron (D, Goodyear Tire & Rubber Co , Loa Angelea, California)
Compoundins fomuletiOD*
Physical propertlea

proprietary Information

meet or exceed a l l applicable State of
California apedflcatlona

Tensile Strength
Dnaged
Ib/ln'
OAgelng change X o( unaged value

3250
+5 8

3050
'f4 9

2375
NIL

Elongation at Break
Dnaged
t
*Agelng change X of unaged value

605
-5 8

520
-7 7

380
-10

Compression Set
X of Imposed compression
24
20
28
Weathering
no cracking after ten weeks* exposure
Bond Strength (90* Stripping Test)
Adequate bond atrength obtained
on test using Chemlok 220
* Ageing 7 daya at 158* F

Weoprene (S - Group E only, General Tire & Rubber Co , Vabaah, Indiana)
Coopoundlng foriaulatlon

Ethylene Propylene Dlmonomer (E, Unlroyal Chemical, Naugatuck, Conn )

proprietary information

Compounding fonnulatlon

Physical propertlea
AASHO
EEOUIREMENTS

cm CCMTOUIID

USED

2500
375
55S5
Nona

2M3
500
53
188

Tenalle, p»l
Elongacion, I
DuTOBtttar
Tear, AS1M Die C

BOYALENE 502
BOTALENE 400
Sunthana 3120
HAF
Protox 168
Stearic Acid
Sulfur
TUEX
E IVEX
Tetrone
Sulfaaan R
HL-4 9 212* F
MS 9 250* F 3 pt

PBtSICALS. 70 hr 9 212' F

Tenalla, pal
TanalLe Changa, t
Elongation, I
Elongation Change, I
Duroaater
Duraneter Change, pta

2680
No changa
410
-14 0
60
+7

-151 Max

7
22

OIL BESIST/BCE, 70 hr <}
212' F. Asm #3 on.

cm

9

Cured 9 340* F

Nona
351 Max

i

AASHO
REOUHaEKTS

cofpovm

ADHESION. ASm D429B
Lba/Inch of width
LOH TEMPEKATimE. ASm D746
3 Mln 9 -40* F

OE-Not B r i t t l e

45
65
5
1
0 4
7
7
7
I 5
33
>30

40
80
5
1
0 4
7
7
7
1 5
45
>30

.-

—

OK-No Cracka

J
K
L
Tensile Dsta. p a l . UnsRed
370
350

610
620

1010
1030

20OX Modulus

30'
45'

3001 Modulus

30'
45'

780
720

1110
1120

1750
1740

Tensile

30'
45'

2100
2100

2430
2420

2650
2400

Elongation

30'
45"

550
540

540
540

460
420

Shore A Durometer Hardncaa

30'
45'

51
51

61
61

69
69

Tear Die C

30'
45'

260
270

330
320

370
350

No

OZOIg RESISTANCE • 100 hra 3 100 pphn 9 100' F
201 Strain

L
100

Fhyalcal properties'

82 4

Volume Change, X

E
100

-401 Ha>
-4-15 pts Max

COWmSSION SET. Asm D3iS METHOD B
22 hra 9 158* F, t
22 hra 9 212' F, 1

J
80
40
40
55
5
1
0 6
7
7
7
1 5
30
>30

No

Tensile Data, pal 70 hra 0 212' F
Cured 9 340* F

Natural Rubber (N, Netural Rubber Bureau, Hudaon, Ohio)

Tensile

30'
45'

1880
2060

2410
2420

2510
2540

Elongation

30'
45'

450
490

490
500

380
410

Shore A Hardneas

30'
45*

52
53

62
62

71
71

Compounding fonnulatlon
RSSI
Zinc oxide
Stearic acid
Dutrex R
PBNA
Lampblack
Sulphur
CBS (Santocure)
Antloionant (UOP 88)
Vuleanlaatlon time, mlna

A
100
6
1
2
1
IS
2 5
0 7
4
20

at 286*F

B
100
10
1
2
1
35
2S
0 7
4
20

C
100
30
1
2
1
60
2S
0 7
4
20

CoBpreaaion Set. I of OrlRlnal Deflection Method B
Aged 22 hrs fl 158* F
Cured fl 340* F

30'
45"

14
14

12
13

14
13

25
20

26
22

Aged 22 hra fl 212* F
Phyalcal propertlea*
TEST RESULTS
Bardoeaa IRBD
Unaged
*Agelng change

Cured 9 340* F

dagreea 51
degreea +2

60 5
« 5

* Ageing- 7 daya at 158* F

70 5
+1 5

30'
45'

29
24

CHAPTER TWO

RESEARCH FINDINGS
THE STATE OF THE ART OF THE USE OF
ELASTOMERIC MATERIALS IN BRIDGE BEARINGS
The User
The state of the art with respect to the users of elastomeric
bridge bearings is characterized by a wide range of opinions about the way elastomeric materials can be used in
bridge bearings. This wide range of opinions is evident in
the specifications for bridge bearings of the various state
highway departments. Furthermore, there are states that
use no elastomeric bearings at all. Because matters of highway construction are relegated primarily to the authority
of the individual states in the United States, in contrast
with British and Continental practices, differences in specifications from state to state are to be expected. The various state highway specifications are, for the most part, concerned with two separate aspects of the problem—the
design of elastomeric bridge bearings and the control of the
quality of the elastomeric materials to be used. In matters
of quality control, state-to-state differences naturally were
expected. When the various design specifications are examined, however, the state-to-state variations are most
unexpected.
If design specifications can be regarded as limits set in
accordance with the best available knowledge of problems
involved, then state-to-state variations are disturbing because there are so many conflicting opinions regarding the
best way to design a bridge bearing.
Some of the more interesting variations in bearing design are illustrated by the following situations that occur in
practice:
1. In some states, only molded, laminated bearings are
used, and these bearings must have a layer of rubber over
the vertical surfaces covering the steel sheets. I n other
states, laminated bearings are fabricated from vulcanized
sheet stock and are used with the steel plates fully exposed.
On the other hand, dacron cloth is sometimes used rather
than steel plate in fabricating laminated bearings.
2. In some states, laminated bearings up to about 4 in.
in height are used. In others, laminated bearings as tall as
18 in. are in use.
3. In some states, rubber laminae do not exceed V4 in.
in thickness. In others, rubber laminae Va in. thick are
widely used.
In an attempt to understand the situation, the bases for
the majority of the design specifications were sought. Findings reveal that the bases for the majority of the design
specifications were (1) unknown, (2) experimentally established years ago and unquestioned since, (3) established
by recent experimental results, or (4) suggested by design
guides based on other experimental results.

The key to the problem is the word "experimental."
Investigation of the situation has shown that, in practice,
the design of elastomeric bridge bearings has been and
appears to continue to be an empirical discipline almost
completely—in short, try something; if it doesn't work,
try something else. To be sure, continued experience may
narrow the available choices for trial. But if a problem is
complex, a purely empirical approach may never resolve
the issue. Nevertheless, with a basically empirical approach,
different investigators can be expected to find different
solutions. However, the variety of solutions creates a problem for the prospective user—a problem of how to determine which solution is applicable for his particular
situation.
In addition to delving into the bases of design specifications, the researchers sought information concerning the
behavior of bearings in use under bridges. For example,
because creep or continued deflection under fixed load is
an area of concern in the use of elastomeric bearings, quantitative field data regarding compressive deflection were
sought from various users. Shear-deformation variations
through the year also were sought. Unfortunately, no such
quantitative data have been found. Some states report
plans to obtain quantitative field-performance data, but no
experimental results were available in time for use in this
program.
Although quantitative data were lacking, much useful
qualitative information was obtained. Such information is
of general use because it presents specific situations that
point out the need for an approach to bearing design which
is not empirical alone. For example, it has been learned
that unpinned bearings under bridges slip under shear
loads, and that at times they tend to rotate around some
vertical axis. This motion occurs in spite of attempts during design to prevent such motions. As another example.
It has been learned that sometimes bearings are only partially loaded on their upper surfaces because the bearings
do not tend to accommodate the camber in the bridge
beams.
In summary, it has been determined that the historical
development of the use of elastomeric bridge bearings in
the United States has been almost entirely empirical in
nature. And while this approach has been generally successful, it has also spawned a muhiplicity of bearing designs and design specifications that are often at variance
with one another. I t is apparent that the majority of these
conflicts results from the absence of fundamental technical understanding (or its equivalent, a valid theoretical
description) of the behavior of elastomeric bridge bearings. In addition, quantitative field-performance data are
lacking.

The Bearing Fabricator
At the outset, it must be stated that the remarks in this
section do not apply to elastomeric bridge bearing fabricators in general, because not all of them were contacted.
A sufficient number of discussions did occur, however, to
gain insight into the over-all problem.
In the case of bearing fabricators, it again appears that
their development efforts have been predominantly empirical. In several cases, the fabricators' efforts are directed toward providing a range of bearing designs for
a known range of more or less common types of applications. In general, these efforts must be considered successful, and they are backed up by experimentation. Because
rubber technologists, as well as engineers, have been involved, most of the aspects of the peculiarities of the nature
of rubber appear to have been given some consideration in
the design development efforts.
Again, through empirical development efforts, sets of
suitable elastomeric bridge bearing designs have been
evolved. In the case of some fabricators, their considerable
development efforts have been the basis of some of the
design specifications for various state highway departments
as well as the AASHO specifications.
The bases of certain design criteria were also sought
from the fabricators. It has been found that some criteria
were established some time ago through experimentation
by fabricators directed toward acceptable bearing behavior.
There is no basic argument with any of the established
working bearing designs. However, there are reasonable
grounds for stating that empirical efforts alone can limit
the application of elastomeric bridge bearings to situations
that are compatible with existing designs. Illustrative of
this potential limitation is the following situation. In the
United States, there is apparent universal acceptance of the
design criterion that limits the average applied vertical
compressive stress to 800 psi dead and live load. A recent
and apparently successful Australian application of elastomeric bridge bearings as part of a sizable elevated-roadway
structure uses an average applied vertical compressive
stress of about 1,850 psi.
It is recognized that allowable concrete compressive
stresses (or, in the case of steel sections, allowable flange
loading) do represent one limit for the average compressive stress load on a bridge bearing. However, the 800-psi
limit currently used did not result from direct concern
about the concrete compressive stresses (or for that matter,
about flange loads). On the other hand, the 800-psi figure
is not the result of direct concern with the strength limitations of any part of the bearing. Experience showed that
it was one value that gave acceptable bearing behavior.
One does not argue with success, but one can argue with
design criteria that are not consistent with other successes:
VIZ., 1,850 psi versus 800 psi.
Another aspect of the over-all problem, which was
brought to light during discussions with fabricators, deals
with the "credibility gap" between fabricators and prospective users. That is, despite the fact that a fabricator can
support predictions for the performance of his bearings
with test data and knowledge of rubber technology unavailable to most users, the prospective user may not be

convinced that the bearings will behave as the fabricator
says they will. There are many conceivable reasons for
such a situation occurring. However, it appears certam
that an important contributing factor is the lack of a general procedure by which the expected behavior of various
bearing designs can be evaluated on a common basis—in
short, the lack of a recognized, valid, analytical procedure.
In summary, the development of designs for elastomeric
bridge bearings by fabricators of bearings has also been
largely empirically directed, but on a more profound level
insofar as an understanding of the behavior of rubber is
concerned. Even so, there is conflict as to what design
criteria should be applied. While some of the debate is
involved with the physical properties of rubbers, part appears definitely attributable to the absence of a theoretical
method that can predict the behavior of elastomeric bridge
bearings hand in hand with the experimental work.
Material Producers
It is well known that large contributions to the development of the use of elastomeric materials in bridge bearings in the United States have been made by the producers
of elastomeric materials. Not only were experimental investigations conducted, but design guide books were prepared and issued.
Again the bases for various aspects of the design guidelines were sought, and again it was found that the bases
are obscure in history or are the results of previous testing.
It is not possible to determine whether certain guidelines
represent material strength or stability limitations determined through testing, or if they are just figures representative of some suitable design performance.
During discussions with material producers, yet another
aspect of the over-all problem appeared. When the researchers asked for material samples for the experimental
portion of this program (particularly for materials other
than natural rubber and neoprene), a typical response by
material producers was something like, 'Tell us what you
want in a material, and we'll see if we have it. We have
many compounds that might be suitable. For that matter,
we could compound a material to your specifications."
Following this line, it was stated that the material should
have (1) shear modulus ( G ) value of about 160 psi at
room temperature, (2) preferably no change in G with
temperature, but, if G did change with temperature, the
variation should be known, (3) creep characteristics of
such a nature that for fixed shear loads the continued shear
deflection does not exceed about 3 percent of the
deformation-at-l-hr in a 10-hr period, and (4) compatibility with present AASHO material specifications. The
general type of response to such a request is that it might
be relatively easy to meet the AASHO specifications, but
it is doubtful that the data for all of the first three requirements would be known.
It was pointed out and was generally agreed that, from
the bearing-designer's viewpoint, the G and creep information was of more value than the hardness or the tensile
failure strength. I t was further pointed out and generally
agreed that AASHO-like material specifications are established to assure quality control after a useful material is

found, but the matenal specifications do not necessarily
give the kinds of information that a producer could use in
developing a new compound
It appears that the kinds of material-property information necessary for designing a bearing are not commonly
considered by the rubber industry when it is researching a
new compound. Compounds are still most often first described in terms of hardness, tensile stress at some elongation, compressive set, etc., and not in the associated terms
of shear modulus, yield or breaking stress, and creep or
some equivalent.
To summarize, it has been found that the approach of
material producers has also been almost completely empirical; that certain aspects of suggested design rules are
not necessarily based on material strength or stability
limitations, but result directly from historical empirical
developments. Furthermore, in general, the kinds of material property characterizations used by the industry are
related to what is considered necessary for bearing design,
but often they are not usable per se. To obtain what is
considered usable for design requires tests that are not
generally performed and, in some cases, tests for which
generally accepted standard procedures are not defined
The latter case is true for shear-modulus measurements,
for example.
The Researchers
A large portion of the research efforts in Task 1 was devoted to analyzing previous experimental and theoretical
research efforts related to elastomeric-beanng behavior.
The review of previous experimental efforts revealed that
static and dynamic loads have been applied to bearings to
observe the effects of these loads on compressive deflection,
shear deflection, creep, and wear behavior. The bearings
involved have been bonded and unbonded single pads, as
well as molded and built-up laminated assemblies. Various
elastomeric materials, as well as a wide range of nominal
environmental temperatures, have been used. Bearing performance also has been investigated with a variety of
materials in contact with the bearing surfaces, including
concrete and steel.
Almost without exception, the bearings tested have been
full size, their geometnes have been described in reports
by the shape factor term, sometimes to the exclusion of the
actual dimensions of the elastomeric pads used. The materials investigated have almost always been described in
the reports only by naming the base polymer and the
associated Shore A durometer hardness (and perhaps the
degree of conformity of the material to the AASHO or
equivalent specifications).
It IS difficult, in general, to correlate much of the data
from these research efforts. For example, two sets of data
for 60 hard, neoprene, bonded single pads with shape factor 4 give significantly different compressive load-deflection
curves. For a given compressive stress, the absolute
compressive-stram difference is about 5 percent. Inasmuch as present AASHO design specifications recommend
limiting the compressive strain to 7 percent under dead
and live loads, such data differences cannot be ignored if
one is to use such data as indicative of bearing behavior.

The difference in the data could be due to several factors,
but, because of the lack of certain information attending
the presentation of the data, the reason for the differences
cannot be determined. The major factors that may have
caused such a difference are creep and different shear
moduli—even though the hardness values were the same.
One should not necessarily assume that a hardness value
is a good measure of shear modulus, even in a relative way.
First of all, as is generally known, a hardness measurement
is not highly accurate. A 60 hard matenal must be considered as 60 ± 5 hard—a situation that could mean a
sufficient variation in the shear modulus to account for
some test-data differences. Secondly, a hardness measurement, which by its nature is a surface interaction, may not
necessarily be indicative of the bulk-averaged properties of
the material. The bulk-averaged shear modulus may be
significantly different from the shear modulus at or near
the surface; this occurs because it is not always possible
to obtain the same degree of cure throughout the volume
during vulcanization.
It is well known in the rubber industry that the shear
modulus IS different for different rates of load application.
Although the experimental efforts that have included shear
tests have recognized this fact, they have not always presented data for more than one shear-loading rate, making
it impossible to determine the effects of loading rate in
some quantitative manner. Thus, in trying to correlate
various shear-test data, one cannot be sure that test differences are due only to load-rate difference, because a
possible variation of shear-modulus value within a stated
Shore A hardness is also present.
A particularly confusing situation exists within the state
of the art with regard to creep, stress relaxation, and the
effects of cyclic (dynamic) loads on elastomeric bridge
bearings. Creep is the name normally given to continued
deformation under constant load, and stress relaxation is
the term applied to the situation in which a decreasing load
is required to maintain the same amount of deformation.
Both of these terms should be regarded as different behavioral aspects of one characteristic of the material—its
internal structural response to loads. I f one mentally relates creep, stress relaxation, and dynamic-load effects to
the internal structural behavior, the effects of these three
conditions on bearing behavior is clarified
It is pertinent at this point, then, to discuss the internal
structural response of rubber to external loads. Basically,
the internal structure is composed of long molecular chains
which, in an unloaded condition, are oriented much like a
pile of spaghetti. In addition to the end-to-end connections
of the various structural units that constitute the chain,
there are cross connections among chains that occur in no
particular pattern or orientation. When a piece of rubber
is put in tension, these chains tend to straighten out. But
because the chains are oriented in all directions when the
load is applied, some chains will straighten out more than
others. The cross links among chains further tend to inhibit the straightening of chains. Thus, for a given load,
some chains and cross links are highly stressed, whereas
others are very lightly stressed. When fillers, etc., are included in this picture, the situation may be viewed as one

in which materials that are intermuced with the chains and
cross links inhibit the straightening tendency even further.
This occurs because some of the filler particles are in the
way and because other particles may themselves act as
cross links. Thus, as the load is mcreased further, those
highly stressed chains or cross links may break, shifting
part of the load to other less highly stressed chains and
cross links. I f the load is now removed, the stretched
chains and links will tend to return to their initially unloaded configuration. But the chains or cross links that
have been broken cannot return to their original orientation. The result is that the piece of rubber will not return
completely to its original dimensions after being unloaded.
A similar situation occurs under compressive loads and
results in compressive set.
Now, if a piece of rubber is loaded by applying either
a fixed external load or a fixed external deformation, the
internal structure is again loaded to different degrees in
different locations. I f the load is held constant in time, an
internal redistribution of strain will occur; this occurs
because some chains and links break, or because the filler
molecules are moved around in such a way that they reduce the degree to which the chains and links are stretched.
This internal redistribution will reduce the energy stored in
the stretched chains and cross links to the point at which
no further redistribution will occur. The outward manifestation of this internal redistribution is either creep under
fixed load or stress relaxation under fixed deformation The
internal redistribution can be speeded up by heating the
material directly or by heating it indirectly by applying a
cyclic load.
Now, discussion turns back to the behavior of elastomeric bridge bearings. Under a fixed compressive load
(the dead load of the bridge), the vertical deformation
will continue to some point. This creep never really stops;
but, at some pomt, the additional deformation becomes
negligible. Furthermore, the vertical live loads will increase the rate of creep and may even increase the "final"
amount of deformation. This behavior, of course, affects
the "final" elevation of the bridge.
Another important aspect of this creep phenomenon is
that, with contmued internal redistribution and setdmg of
the bearing, the unloaded surfaces will be stressed in tension more and more, until the material develops a visual
crack. Of course, a crack could appear on initial loading
of the bearing. In this case, under creep, the crack could
be elongated and widened with time. Any mechanism that
speeds up this internal redistribution could be expected to
cause cracking sooner.
In a bridge bearing application, one other factor influences the vertical creep-dynamic, horizontal shear loads.
Their influence, as stated previously, is to hasten the
internal redistribution phenomenon. These horizontal dynamic loads, m general, include the expansion and contraction of the bridge. But the rate at which this expansion and contraction occurs in practice is relatively low
compared to the live vertical loads; it does not seem at all
reasonable to expect this motion to have much of an effect
on the vertical creep of the bearings or on the potential
development of cracks.

A number of experimental programs have exammed the
effects of cyclic shear deformation on bridge-bearing behavior under compressive loads. In some cases, the fully
reversed shear-deformation cycles (that is ± 5 0 percent
shear) were induced at rates up to 120 cycles per minute,
and the tests were continued until several thousand cycles
were accumulated. With such rates, significant bearingtemperature increases were observed. A t the end of such
tests, the physically observable characteristics (tears, abrasions, and cracks) were interpreted as indications of the
durability of the bearings and the material.
It IS submitted that the results of tests that apply
± 5 0 percent cyclic shear-strain loads at rates on the order
of tens or hundreds of cycles per minute must be very carefully interpreted. First, such shear-load rates are far in
excess of what occurs in practice. Second, if creep is being
investigated under such conditions, the effects of temperature increases (currently unknown) due to the high cycle
rate must be considered. Finally, because the shear modulus increases as the load-application rate increases, the potential exists for inducing shear stresses far beyond those
encountered in normal service. Such increased shear stress
could be the cause of material cracks. In support of such
tests, the usual argument, implicit or explicit, is that these
tests really show what a material can do. On the other
hand, because of the problems mentioned, such tests should
not necessarily be considered valid as material selection
tests, the tests are much too severe.
EXPERIMENTAL FINDINGS
The experiments conducted during this research program
were as follows:
Group A : Shear Modulus and Stress Relaxation.
1. Stress-strain in shear.
2. Low-temperature effects.
3. Shear stress relaxation under constant
shear strain.
Group B: Compression and Rotation-Geometry Effects.
1. Stress-strain in compression.
2. Effects of shape factor and lamination.
Group E: Commercial Elastomeric Bridge Bearings.
1. Stress-strain in shear.
2. Stress-strain in compression.
Group F: Reversed Cyclic Shear.
1. Shear modulus.
2. Compressive creep.
To evaluate the effect of the hardness of an elastomer
on the material property, shear modulus ( G ) , all of the
data from Groups A, E, and F were plotted. Despite a
fairly wide spread in data points, it was possible to draw
a smooth curve through these points; this curve is shown
in Figure 1. The trend toward higher values of modulus
for higher hardness readings was expected. I t is interesting
to note, however, that this curve is substantially "softer"
than the values given in both du Font's literature (1) and
literature (2) of the National Rubber Froducers' Research
Association (NRPRA). Although this may reflect a built-in

"safety factor" on the part of material suppliers, it does
suggest that for the methods used in this research for
evaluating the room temperature shear modulus of an
elastomer, the load relaxation rate in shear is high enough
in the higher hardness material to result in this less severely
sloped curve.
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The effects of temperature on the shear modulus of
neoprene are best described as a stiffening at lower temperatures. The effect is not linear, however, and consequently the modulus increase with decreased temperature
is expressed as a ratio of the modulus at the desired
temperature compared to the shear modulus of the same
material at room temperature, as given in Table 2.
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Several points must be made in regard to Table 2. The
effect of rapid crystallization is believed to have resulted
in abnormally high ratios for the neoprene-dacron combination; compounding of the elastomer for low-temperature
resistance might have alleviated this effect. It appears that
compounding for a specific desired behavior is the key to
the modulus results. Note that decreased temperature affects the 50-durometer neoprene much less than it does the
harder compounds Note also that the du Pont predictions
are not too far from the actual results.
The variation of stress relaxation in shear, expressed as
a percent stress decrease per decade of time, is not a simple function but rather a general trend, as evidenced by the
spread of data points from the Group A experiments. A s
the band in Figure 2 shows, greater stress relaxation is
experienced at higher values of shear moduli, and, therefore, also at lower temperatures (the higher shear moduli
were those obtained at lower temperatures). It must be
pointed out, however, that the stress relaxation at lower
temperatures represents only initial rates and may not be
quite so high for long periods of time.
Perhaps one of the least understood properties of elastomeric bearing materials, especially from a quantitative
standpoint, is the phenomenon known as crystallization.
This is a tendency for the elastomer to gradually stiffen or
harden under strain. I n shear, this manifests itself as a
noticeable increase in shear modulus over a period of time.
In the Group A tests, after the period of stress relaxation
under constant shear strain of SO percent, a final shear
cycle was accomplished in an effort to look for the effects
of crystallization. The results are expressed in Figure 3 as
a percentage increase m shear modulus with time at constant temperature. It appears that, inasmuch as the base
polymer (neoprene) was the same for all four materials,
the compounding of the material has a major effect on the
rate of crystallization. It is significant that all neoprenes
crystallized at their maximum rate at or near —20 F . Also
significant is that the maximum mcrease in shear modulus
after approximately 6 hr was as follows: 50-durometer,
75 percent; 60-durometer, 150 percent; 70-durometer,
125 percent; 57-durometer (neoprene-dacron), 250 percent. Therefore, it must be concluded that the compounding ingredients determme crystallization effects rather than
the durometer hardness per se.
By defimtion, shear modulus ( C ) is a material property
unaffected by considerations of size and shape. However,
inasmuch as the modulus as used in bearing design to pre-
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Figure I. Shear modulus versus hardness.

diet shear loads under strain might indeed be affected by
geometry, data from Groups A and F were used to investigate this possibility. With the value of average shear
modulus at a shape factor of 2.0 arbitrarily considered as
unity, the calculated value of shear modulus of comparable
materials varied a maximum of only 16 percent and no
trend was discernible. I n addition to shape factor, geometric parameters investigated included length-to-width
ratio (b/a),
width-to-thickness ratio ( a / / ) , and sheared
area. Of course, for very tall bearings a degree of bending must be accounted for in the calculation of shear

TABLE 2
R A T I O O F L O W - T E M P E R A T U R E T O ROOMT E M P E R A T U R E SHEAR MODULUS
RATIO FOR TEMPERATURE O F :
MATERUL

50-durometer
neoprene
60-durometer
neoprene
70-durometer
neoprene
57-durometer
neoprene-dacron
50- to 70-durometer
neoprene *
• Du Font (/).

-20 F

-40 F

1.10

1.25

1.55

1.25

1.65

1.90
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1.05
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Figure 2. Stress relaxation versus shear modulus.

modulus, but this can be accomplished without difficulty
[Lindley ( 5 ) ] , based on the length-to-thickness ratio
(b/t).
The conclusion is then that size and shape do not affect the
shear modulus of an elastomeric bearmg to any significant
degree.

% Increose m shear modulus at
temperoture tor obout 6 hoirs
-Neoprene-Docron 60
Gfin ' Shear modulus after
6hrs ot 50% shear strain
G . y •Average shear modulus
at start of 6 hr test
period
•Nominal Hardness
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Figure 3. Increase in shear modulus with time at constant
temperature.

One of the most important aspects of the behavior of
bonded elastomeric bearings is the relationship between the
bearing shape and the compressive stress-strain results. F o r
this reason, a major part of the experimental program was
devoted to this area and a substantial amount of data was
developed in Groups B and F . It was found during analysis that a reasonably good fit of the data could be realized
by assuming an equation of the form:
(1)
in which:
f(, =
a =
5 =
b=

compressive strain, percent;
compressive strain at a shape factor of 1 percent;
shape factor = one loaded area/total free area; and
empirically derived constant.

Although the data spread about this curve is large, this is
judged to be due to experimental error and therefore would
not affect the engineering approximations gained by using
E q . 1. (Experimental error m this case includes not only
variations due to testing techniques, but also modulus
(hardness) variations from sample to sample and within
each sample.) For a range of shape factors from about
1 to 20, Table 3 gives the values of "a" and "b" for use
with the foregoing compressive behavior equation. For
intermediate values of hardness or compressive stress, interpolation is adequate for most engineering purposes. In
a more tractable form, however, this information may be
presented in the traditional manner as curves of compressive stress versus strain, each curve representing one value
of shape factor, with a separate plot for each hardness.
This is done as shown in Figures B-19, B-20, and B-21.
A n interesting finding during analysis of the compressive
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behavior from Groups B, E , and F was that the stress-strain
results deviated significantly from that predicted by both
the theoretical (4, 5) and the empirical or shape factor (2)
approaches. Basically, for low values of shape factor (1 to
4) the theoretical approach seemed most valid, although
this approach always predicted a stiffer bearing than was
actually the case. For intermediate values of shape factor
(3 to 5 ) , the empirically derived approach using the shape
factor as the sole geometric parameter appears to agree
most closely with the experimental results. However, for
values of shape factor higher than 5, neither approach gave
satisfactory predictions of compressive stress-strain behavior. For high shape factor bearings, then, more compressive deflection is experienced than that expected either
theoretically or from previously derived empirical relations.
The effects of lamination on the compressive behavior of
bonded elastomeric bearings were not significant enough to
be detected within the range of experimental error. It must
be concluded, therefore, that, at least for engineering accuracy, the total compressive deflection under load for a
laminated bearing may be calculated by multiplying the
expected deflection for a single laminate by the total number of laminates In cases where the laminates vary in
thickness (and consequently in shape factor), the deflections of the respective laminates may be added.
A special case in regard to the compressive deflection of
laminated bearings is the behavior of neoprene-dacron
combination bearings. It appears that whereas the dacron
sheet IS constrained where it contacts a steel or concrete
surface, it is reasonably flexible when laminated (either
bonded or placed together) as in the middle of a multilaminate bearing. This flexibility allows the central laminates to expand so that the deflection is not simply that of
a single laminate muUiplied by the number of laminates,
but rather somewhat greater. In general, it can be tentatively stated qualitatively that for neoprene-dacron of constant shape factor, the greater the number of laminations,
the greater the compressive strain
A small effort was made during the Group B tests to
investigate the effects of holes on the compressive stressstrain behavior of bonded bearings Specifically, several
bearings were tested with variously sized holes cut through
them. It was found that a calculation of shape factor based
on the reduced load area (length X width — hole area)
divided by the increased free area [2(thickness) (length +
width) 4-(thickness) (hole circumference)] allowed the
data points to fall on the previously derived curve of
shape factor versus compressive strain. Therefore, it is
expected that compressive behavior can be related directly
to shape factor as the most convenient method of predicting performance.
Group E experiments with commercial bearings attempted to evaluate the effect on the material property,
shear modulus, of bonding and vulcanizing large bearing
pads. There was some question that, although a hardness
test on the surface of a commercial pad might indicate a
certain value of shear modulus, the interior of the bearing
might be substantially "softer" due to lessened effects of
vulcanizing through the bulk. It was found, however, that

TABLE 3
CONSTANTS F O R SHAPE F A C T O R P R E D I C n O N
O F COMPRESSIVE STRAIN
COMPRESSIVE
STRESS,
HAKDNESS

<rc ( P S I )

a(%)

b

50-durometer

500
1,000
1,500
2,000
500
1,000
1,500
2,000
500
1,000
1,500
2,000

27.77
32.91
38 06
48 37
21.55
30.74
31.69
32.30
25.73
32.27
25.59
26.58

-1.050
-0.805
-0.727
-0.798
-1.051
-0.964
-0.835
-0.719
-0.923
-0.699
-0.423
-0.377

70-durometer

S7-durometer *

* Neoprene-dacron, unbonded

no discernible variations in modulus occurred in the interior of bearings of the sizes and shapes examined.
The effect of shear cycling on the shear modulus of a
bearing sample was evaluated in the Group F experiments.
In all cases except two, the shear modulus decreased very
gradually while 10' cycles between ± 5 0 percent shear
strain were accomplished; in two cases the shear modulus
increased about 5 percent from 10^ cycles to 10° cycles.
For all other samples, the average decrease was on the
order of 5 to 10 percent over the same number of cycles.
This is in general agreement with the values for stress
relaxation in shear from the Group A tests (see Fig 2 ) .
The effect of shear cycling on the compressive strain, or
compressive creep of a bearing, was also investigated in the
Group F experiments. For slightly over 100,000 cycles,
the compressive creep values ranged from 14 percent for
one sample of 50-durometer natural rubber to 73 percent
for a sample of 70-durometer neoprene. A large jump in
initial creep value was noted when the shear cycling was
first initiated, an indication that cycling increases the total
creep exhibited by a bearing compared to that encountered
with a static situation. Based on the curves of creep versus
time, there seems to be no uniform effect of shape factor
on compressive creep. As was expected for neoprene, the
greater the modulus (hardness) the greater the creep; this
is attributed to the amount of filler used in the original
compounding. Comparing the four tested materials does
not give conclusive evidence that one material has less
creep than another. It is interesting to note, however, that
the design information published by du Pont (7) gives
substantially lower values of creep for short times than
those resulting from the tests under reversed cyclic shear.
Some general statements are in order regarding the relative performance of glued (bonded) laminated pads compared to fully vulcanized units. During the entire experimental program, problems were encountered with pads
prepared by bonding to steel plates with an adhesive. I n
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some cases the adhesive did not adhere properly to the
elastomer. In other cases the waviness of tiie steel surface
left areas where the bond was not complete. With the fully
vulcanized units, however, even when the pad had been cut
through, the bond remained excellent under all conditions
of shear and compression.
On the matter of cutting bearings from larger sheet
stock, all test samples were prepared in this manner from
14-, V^-, and 1-m. sheet. A single shear cut from a welldressed steel blade produced a near-straight, smooth cut in
all cases, without any taper or cupping due to elastomer
compression. F o r the large commercial bearings laminated
with steel plates, an abrasive grinding cut-off wheel was
used, and whereas many short strokes and some time were

necessary to complete the cut, the results were uniformly
smooth surfaces and no deterioration of the elastomer. The
fact that none of the bonds was affected by this method is
evidence that the edge of the abrasive was actually cutting,
rather than "plowing," through the elastomer. Coolant was
used to reduce heating when the abrasive wheel passed
through the steel.
Of interest m the design of bearings to accommodate
large shear deflections was the observation of instability
under compression in two lammated bearing samples during Group B tests. Both bearings had a shape factor of
4.0. A nme-laminate bearing became unstable at about
1,400 psi average compression, whereas an 18-laminate
bearing became unstable at 600 psi.

CHAPTER T H R E E

APPRAISAL AND APPLICATION OF RESEARCH FINDINGS
APPRAISAL
Any appraisal of the findings in Chapter Two must begin
with a critical evaluation of the data obtained during the
experimental plan of the program. This is, in short, an
estimate of the reliability of the data, and hence the findings. A general statement covering the entire program is
that a great amount of material properUes and design
information on elastomeric bridge bearings was attempted
with a minimum number of tests. Exclusive of experimental scatter, then, the degree of confidence in the findings is limited by the fact that an in-depth study of parameters affecting bearing behavior and performance was
not made, but rather a short look was taken into several
areas. The result furthers understanding of which areas
have a greater importance (or priority) in both design and
performance of bonded elastomeric bridge bearings.
The experimental phase was planned to develop information on the properties of the candidate beanng materials and also shape-related effects on bearing behavior.
Group A tests on shear modulus and stress relaxation, both
material properties, are viewed as generally valid. Experimental error was reduced to a minimum by carefully measuring all physical quantities. The possible exception is the
maintenance of constant temperature and isolation of the
material from crystallization effects. The former assumed
that the sample would reach a steady-state temperature
condition in about 1 hr at constant low temperature,
whereas the latter assumed that crystallization would be
negligible in the same time period.
Group B tests investigating geometry effects, as indicated by the data spread, appeared most affected by ex-

perimental scatter. Performance evaluations under initial
compression of bearings of various sizes and shapes has in
the past been limited to bearings of low to medium shape
factor (up to about 6 ) . Therefore, the data and the approximate curve-fit at least extend knowledge of this performance into the range of higher shape factors (up to
about 14). A n mdication of the validity of this approximate prediction is its relatively good agreement with the
data for compressive strain at low shape factors. Probably
the biggest source of deviation in these experiments (and
possibly in actual bearing performance as well) is the
variation in material properties. Although hardness values
are recognized to be only an indication of the shear modulus of an elastomer, it should be noted that at a value of
SO-durometer (SO ± 5 ) the variation in modulus can be as
much as 40 percent (see Fig. 1). The other alternative to
hardness readings, direct measurement of each sample in
shear, was not feasible due to the range of sizes and shapes.
The commercial bearings tested in Group E under shear
and compression were of known geometry and hardness.
The test conditions were similar enough in these two loading modes to be compared to the first two groups. The
largest scatter must therefore be attributed to variations in
material properties and the possible effect of parameters
considered not significant, such as size and lamination
effects on the shear modulus. That the compressive behavior of the bonded steel-laminated bearings agrees reasonably well with that predicted by the data curves from
Group B suggests that the results from these bearings are
valid.
Group F tests covering cyclic shear under constant compression were, if anything, too short and too few to generate valid data on fatigue or bond deterioration or
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compressive creep. Additionally, the cyclic rate used during the testing constituted an mvalid approximation of
actual bearing behavior, even though it was necessary from
the standpoint of conducting the tests in a reasonable length
of time.
A n evaluation of the over-all experimental phase, then,
would be that from the engineering and design point of
view the most valid results are those dealing with the material property, shear modulus (only of the compounds
tested), and the effects of shape factor on compressive
stress-strain. From the point of view of more exact results
in a research sense, too little data were derived to statistically validate any of the many parametric variations
investigated.
INTERPRETATION AND APPLICATION
The results of this research may be applied in several ways
to the general area of elastomeric bridge bearing design
methodology. The behavior of bonded elastomeric bearings is characterized by the three specific loading modes of
shear, compression, and rotation. Although the rotational
aspects of bearing behavior were not evaluated during this
research, the findings in Chapter T w o may be applied to
the design methodology for both shear and compression
loading.
Perhaps the most important and valid findings as a result
of the experimental phase are the curves of initial compressive stress-strain behavior as affected by both hardness
(or shear modulus) and shape factor. Most design information in the past has been limited to shape factors below
4, so these research findings may be applied for engineering purposes to bearing designs using higher, and from a
performance standpoint generally more desirable, shape
factors. Although a limit on compressive stress of 800 psi
may be arbitrary, it is a convenient reference point from
which to begin the design; knowing the loading, a compressive bearing area may be determined. A n arbitrary
ratio of length-to-width of about two is a sufficient first
trial value. It is important here to make absolutely certain
that the length of the bearing is less than the width of
either the supporting abutment or pier seat and also the
supported bridge beam. T o determine the first approximation of bearing thickness, both a material hardness and a
shape factor must now be chosen. Having selected the
hardness (and thus the shear modulus), one can find a
shape factor from the curves that will result in the desired mitial compressive strain. This is limited to 7 percent
by the A A S H O specifications. On the matter of compressive creep, du Pont data suggest that the major portion of
this creep is likely to occur during the first month after
installation, probably less than the time between placement
of the beanngs and actual use of the bridge. Within engineermg accuracy, this creep can be predicted ahead of
time and designed for, so that the bridge deck and roadway
heights are substantially level in service. Creep is not a
factor in the design of bearings to be placed under continuous spans. It is important, though, that creep charac-

teristics under constant load be known ahead of time. That
concludes the design of the bearing in compression, and
leads directly into considerations of shear behavior.
The limitation on shear strain to 50 percent of the bearing effective (total elastomer) thickness is also a design
guide. Knowing the expected bridge beam expansion and
contraction due to temperature change, one should design
the total bearing thickness to be at least twice this movement. This thickness requirement generally dictates a
multilaminate configuration, with each laminate having the
dimensions necessary to keep the shape factor at the value
calculated from compression considerations. I t is important here to check for vertical instability by applying the
limitations found in the A A S H O specifications: the bearing length must be at least three times the total elastomer
thickness, and the bearing width must be twice this thickness. Possibly the most critical loading behavior must now
be analyzed—the shear loading expected from the movement of the bridge spans. A "worst case" condition must
be selected, and herein lies the difficulty. The shear load
IS the product of the maximum shear strain (SO percent),
the bearing area (length X width), and the shear modulus.
The first two quantities are known, but the shear modulus
and stress relaxation (which may be viewed as a reduction
in modulus with time) under all conceivable service conditions are not. And the worst case probably can be defined as a shear movement of the bridge beam after the
bearing has been held at its maximum rate of crystallization temperature for some time. I f the environmental conditions never include situations where crystallization can
be significant, then the shear modulus is merely a function
of temperature. Also, if one is deahng with a noncrystallizable material (as some synthetics are reported to
be) then shear modulus again is just a function of temperature. But the results of this research show that even
for as short a time as 5 hr, a substantial modulus increase
can be expected in quite a wide range of temperatures for
the matenals studied. Quantitative data and design information on this phenomenon are unfortunately ahnost
nonexistent, so any predictions of shear behavior at low
temperatures over long periods of bme must be largely
speculative in nature. It might be noted at this point that
inasmuch as stress relaxation in shear seems to be generally proportional to shear modulus, the greatest relaxation should occur at the highest shear strains and when the
effect of crystallization is most severe. This is true; however, the rate of stress relaxation is too low to allow more
than a small margin of safety to the loading expected from
elastomer stiffening at low temperatures.
In summary, then, application of the research results
should lead to a better understanding of the importance
of various design parameters, particularly in the area of
shape-related behavior. The exception is rotational behavior, where more work is necessary. Material properties
as related to elastomeric bridge bearing performance are
now more clearly defined, so that design and specification may accommodate the important material-related
parameters.
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CHAPTER

FOUR

CONCLUSIONS

AND SUGGESTED RESEARCH

CONCLUSIONS
The general conclusion that may be made as a result of this
research program is that there is now a better understanding, both quantitatively and qualitatively, of the major factors that influence the design and performance of elastomeric bridge bearings. It has been learned that the best
approach to defining beanng behavior is first to gain information on elastomeric material properties of importance, and then to combine this information with geometric, or shape-related, parameters. Concurrent with the
better understanding of bridge bearing performance is the
realization that far more work is necessary to develop
specific quantitative materials data and to refine shaperelated parametric evaluations.
As might be expected in a relatively new use of an
elastomeric material, it is the major bearing manufacturers
and also the material suppliers who have had the greatest
experience with actual bridge bearing performance. For
this reason it can be stated that, in an engineering sense,
currently available commercial bearing designs often behave as predicted. Even so, it is recommended that, if at
all possible, both shear and compression tests to verify predicted stress-strain performance be carried out on representative bearings for a given installation. This is necessary not only for quality assurance considerations, but also
to ensure that actual loadings will be within specific bridge
design safety limits In this regard and in light of the
relative lack of information about time-dependent lowtemperature material properties, it is strongly advised that
a large safety factor be applied to the expected shear loads
during the bridge design phase. This may be done by
strengthening the supporting and supported structures, and
by ensuring that the bearing is maintained in its position
with a cast-in seat, or preferably by structural pinning.
Another method might be to design the elastomeric bearing for less than 50 percent shear strain to limit the loading. The expected bridge beam bending should not be
overlooked, and the bearing can be topped with a tapered
plate to match the beam bending (rotation angle) at halfway between dead load and dead plus live load.
In the light of the findings in Chapter Two of this report,
the sections in the A A S H O specifications covering elastomeric bearings (Sections 12 and 25) may be appropriately
modified to reflect desired performance as well as material
quality. In the area of bearing designs, defined by Section 12, the current concept of shape factor should be
retained as the most convenient method of defining bearing geometry. The findings of the research agree with the
statement that, for bonded laminated bearmgs, the compressive deflection may be found by multiplying the deflection of a single laminate by the total number of laminates.
The two occurrences of instabiUty under compression

during the Group B tests tend to support the limitations
of minimum length to 3 7 ( J = total elastomer thickness) and minimum width to 27. Limiting the total movements in shear to 0.57 seems valid, if only to avoid excessive tensile stresses in area of the bond edge. No data
were developed during the experiments that would seem to
justify a limitation on compression stress to 800 psi for
dead plus live load and 500 psi for dead load, at least from
the standpoint of material failure. This appears to be an
arbitrary restriction imposed for one of two reasons. Either
compressive creep under higher average compressions is
believed to be too high (an area not fully investigated by
this research), or the localized maximum concrete seating
surface stresses are exceeded by higher average bearing
stresses It is interesting to note that the average compressive stress limitation of 800 psi, combined with the
initial compressive strain limitation of 7 percent, dictates
a bearing of shape factor greater than 6 for 50-durometer
material and greater than 4 for 70-durometer material.
In the area of bearing materials, defined by Section 25
of the A A S H O specification, several comments may be
made. First, there has been no indication in the studies
made to date that cracking of elastomeric bearings due to
ozone attack is anything more than a surface effect. F o r
this reason, the test for these effects is considered unnecessary. A l l other tests are probably necessary to
evaluate the quality of the candidate material, but such
properties as compression set, heat resistance, and lowtemperature behavior come close to defining performance
under actual bridge conditions. In particular, the lowtemperature test would seem to be almost meaningless unless the bearing material is compounded in such a way that
the temperatures at which the maximum rate of crystallization occurs is —20 F (as it was for the neoprenes tested in
Group A ) . F a r more should be known about the crystallization phenomenon before a meaningful test or tests can
be included in the specifications. From the findings dealing with neoprene during this program it can be seen that
of the available hardnesses, the lowest value, 50-durometer,
IS probably the best for two reasons. A s expected, compressive creep is less for 50-durometer elastomer than for
either 60- or 70-durometer, probably because creep is
related to the amount of filler material used in the compounding, and the higher the hardness, the more filler has
been added. A n d it appears that (for the elastomer compounds investigated) the 50-durometer material also is
affected least by crystallization at low temperatures under
strain. I n this regard, if further research should prove that
the lower-durometer elastomers exhibit the best materialrelated qualities, then perhaps only these low-hardness
materials should be specified. These qualities should be
minimum long-term compressive creep, minimum hard-
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ness increase with decreasing temperature, maximum resistance to crystallization at all operating temperatures, and
maximum rates of stress relaxation under shear strain.
With the possible exception of the stress relaxation, all
these qualities were found in the 50-durometer material
investigated by this research. I n the long riin, it should be
possible to specify for each base polymer a "best" bridge
bearing elastomer, including the exact proportions of compounding ingredients, together with the processing procedure. In this way, standard bridge bearing materials
would be available, compounded to meet specific performance characteristics, and these characteristics would be
available to the bridge engineer as design information. As
a major conclusion to this research, it should be obvious
that hardness should be replaced by shear modulus as the
basic material parameter necessary for the clear understanding of elastomeric bridge bearing behavior in service.
SUGGESTED RESEARCH
Some general comments are in order regarding the value
of continuing research in the area of elastomeric bridge
bearings. First, the experience with these bearings in the
United States may be described as mixed; there have been
numerous successful installations, and several notable failures. The latter have been due to inadequate designs,
erroneous installation practices, or a general lack of understanding of those parameters that most affect elastomeric
bridge bearing performance. Nevertheless, the increasingly
successful application of empirically derived technology is
resulting in increased numbers of bearing installations. The
reasons are fairly well known.
1. Initial cost for elastomeric bearings is much lower
than the cost of mechanical rocker devices.
2. Installation is generally easier and, hence, less expensive.
3 Maintenance is reduced essentially to zero.
This last item may be compared with mechanical devices
that must be cleaned and painted annually to prevent
"freezing" due to corrosion, and the consequent frequent
failure of the devices to provide for bridge beam movement Therefore, research into several areas of elastomeric
bearing behavior is warranted.
There is every indication, both from the results of this
research and from experience in the field, that one of the
least understood elastomeric material properties is the
crystallization phenomenon. This is characterized by an
increase in hardness, or modulus, of the elastomer under
strain and is both time- and temperature-dependent. Further, for a given compound there is a specific temperature
at which the rate of crystallization is a maximum. The rate
also appears to be time-dependent in that the crystallization process at a specific constant temperature occurs very
slowly at first, then accelerates to a maximum, and finally
tapers off when the amount of crystallization nears its
limit. And that final limit is also a characteristic of the
specific elastomer compound. It is recommended that a
thorough and exhaustive study be made of this phenomenon, initially on the AASHO-approved materials of neoprene and natural rubber, making certain that the com-

pounds and vulcanization techniques are comparable to
those used for actual bridge bearing materials. A standard
shear test should be used; tests on samples held at constant
temperatures for various lengths of times and then sheared
would result in the data necessary for the proper design of
beanngs for optimum performance, without jeopardizing
the success of the installation. Once the effects of crystallization are understood, the A A S H O specifications for each
material might include a standard test taken at the temperature of the maximum rate of crystallization and at one
temperature higher and one lower.
The investigation into the crystallization phenomenon
should be a first step toward an over-all evaluation of
candidate bridge bearing elastomers. Although only two
base polymers in three hardnesses are currently included
in the A A S H O specifications it is likely that other materials, if properly compounded, would be suitable for use
in bonded elastomeric bridge bearings. For instance, the
limited amount of experimental work with E P D M during
this research indicated no serious shortcomings of this
material. A laboratory evaluation would include temperature and time effects on shear modulus and stress relaxation, as well as compressive creep and elastomer fatigue
under cyclic shear. If this information could be provided
by material producers, a comparative evaluation would be
relatively easy. But only through a completely impartial
laboratory investigation using standard testing procedures
can the required data be satisfactorily compared.
No laboratory evaluation of elastomeric material properties can stand by itself. A concurrent field evaluation is
necessary to verify predicted performance. Several states
have undertaken the monitoring of shear and compressive
deflection in elastomeric bearing installations in an attempt
to correlate design data with actual performance. This
should be continued and the results should be combined
systematically to note trends and early variations; this conceivably could be done through a central data-gathering
body such as the Highway Research Board. Once the field
performance data have been compared with engineering
predictions, the design procedure for elastomeric bridge
bearings may be updated and improved.
The results of this research have shown a very definite
need for a statistical approach to the evaluation of shaperelated effects on bridge bearing behavior. This is particularly true to determine the validity of current shape factor
versus compressive stress-strain predictions. A single material and compounding should be chosen, together with a
single elastomer thickness to assure that the material properties are constant within very small percentages. The
material supplier could be asked to provide, say, a shear
modulus (standard test method) of 100 psi in 0.5-in.-thick
sheets. Initial laboratory tests run in shear not only would
check that this modulus was constant, but also would provide a validation of the assumption that shear behavior is
not shape-related. Standard compressive stress-strain tests
would be next, preferably at the same loading rates as those
used in this research so that the data could be correlated.
Bonding must be excellent between the laminating plates
and the elastomer surface; any bonding flaws will result in
erroneous data. Sample dimensions must be carefully re-
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corded. The experiments should be planned and the data
should be analyzed not only with shape factor as a parameter but also with the ratios of length-to-width and widthto-thickness. The statistical nature of the data will provide
a degree of confidence in the results that was not previously
available. Two related areas might be covered in this testing: ( 1 ) compressive instability, and ( 2 ) rotational behavior. Instability may be investigated by bonding laminates of various-shaped bearings and compressing until
instability occurs. This would provide quantitative design
information that would allow more efficient use of bonded
elastomeric bridge bearings in shear.
A final area for research should be a continuing effort to

develop a viable theoretical formulation for the behavior
of bearings in all modes of loading. The results of the
research included in this report indicate that whereas the
theoretical approach currently available is not adequate,
the shape of the compressive stress-strain curves does agree
far better with the theoretical than with the empirical predictions. The theoretical formulations thus developed by
continued research should be capable of predicting stresses
and strains in such a manner that design limits can be
imposed on bridge bearings based on material allowables.
The entire spectrum of bonded elastomeric bridge bearing
behavior would thus be predicted theoretically and validated empirically.
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APPENDIX A
GROUP A—SHEAR MODULUS AND STRESS RELAXATION

The Group A experiments covered the effects of time, temperature, and previous history on the shear modulus ( G )
and the related stress relaxation of laboratory-size sample
bearing pads. Included are the results of tests with 50- to
70-durometer natural rubber and E P D M at room temperature, and neoprene-dacron combination at temperatures
between 75 F and —40 F . These experiments were carried out in an effort to obtain material properties data for
use in the other experimental groups, as well as to investigate these properties from the standpoint of actual elastomeric bridge bearing use.
EQUIPMENT
The machine used in the Group A experiments was the
Baldwin-Southwark hydraulic compression-tension test

unit, used here in its compression mode. This machine
has a maximum capacity of 20,000 lb. Coupled to this
unit is (1) a direct readout of platen movement through
a tape drive, and (2) a load/deflection recorder (pen on
graph). This latter device records (1) the load through
a mechanical-pneumatic hookup, and (2) the relative deflection of the moving platen to the fixed crosshead by a
motor dnven from the output of an L V D T (extensometer).
A s used in the Group A experiment, the recorder provides
a permanent graph of shear load versus shear deflection.
Figure A-1 shows schematically the experimental rig designed around the Baldwin unit to accomplish the shear of
elastomeric samples. Figure A - 2 shows the set-up with a
sample installed. The load cell is a B L H 20,000-lb-capacity
unit mounted between the shear plate and the crosshead,
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Figure A-1. Experimental set-up for shear and stress

relaxation.

and reads out through a B L H Type N SR4 strain indicator. The load cell was recalibrated before use in this
investigation.
For the low-temperature work, a plywood "cold box"
was constructed using % -in. plywood and lined inside with
2 in. of foamed polyurethane insulation. Cutouts were
necessary through the box to allow for the shear plate,
tension rods, and support feet. Figure A-3 shows schematically the control and monitoring of the temperature
within the box. Figures A-4, A - 5 , A-6, and A-7 show
various aspects of the cold-temperature set-up. Liquid
nitrogen is fed under pressure to the cold box through an
electromagnetic solenoid valve with a teflon seat. This
valve is regulated (on/off) by a potentiometric unit that
compares the potential across a copper-constantan thermocouple in the cold air beside the elastomeric sample (see
Fig. A - 6 ) to a voltage set manually in the unit. The electronic unit has an allowed variance of ± 4 F . The other
thermocouples are monitored selectively through a potentiometer and are placed as follows: # 2 , in the air on the
other side of the elastomeric sample; # 3 , in the center of
a 1-in. cube of neoprene with one side against the insulation; # 4 , in the center of a 1-in. cube of neoprene glued
to the lower load plate. The temperature control of the
cold box is thus automatic.

Figure A-2. Shear test set-up, containing

sample.

METHOD
Shear test samples were cut from the appropriate sheet
stock with a single shear stroke from a pneumatically
operated blade. The materials were neoprene, natural
rubber, E P D M , and neoprene bonded to dacron. I n almost every case, the blade left a straight smooth cut, even
in the neoprene bonded to dacron; all sheet stock was
Vz in. thick, in hardnesses from 50 to 70, as measured
with a Shore A durometer. A t the start of the investigation, bearing samples were bonded to the steel plates with
an adhesive that required clamping and curing for some
time at high temperature. It became obvious, through a
noticeable reduction in hardness and shear modulus, that
the natural rubber samples were affected by the heat, and
a new bonding agent was selected that required only light
pressure and room-temperature cure. The natural rubber
bearings were then repeated and are noted by an "R" after
the sample designation. The bonding method is found in
Appendix E . The neoprene-dacron combination bearings
are not bonded, but rather are placed between the steel
plates. Length, width, thickness, and hardness of each
sample were recorded. The data on these samples appear
in Table A-1.
Each "sandwich" of two outer steel plates, two elastomer
samples, and a central shear plate was bolted to approxi-
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mately 10 percent compression immediately (5 min) before being placed in the rig for the shear test. The sample
was then loaded at a constant and uniform rate of about
8 percent per minute to 50 percent shear strain, and was
then unloaded to 0 percent shear strain at the same rate;
the shear cycle was repeated four times to assure conditioning, and then a fifth loading was accomplished and the
sample was held at 50 percent shear strain while the load
was transferred from the platen to the tension rods by

torquing the nuts down on the rods. This load transferral
was accomplished in approximately 1 to 2 min. The "hold"
time was recorded as the start of the stress relaxation
phase; the load reading was taken from the S R 4 strain
indicator at roughly 2-min intervals for 10 min, then a
reading was taken at half an hour, 1 hr, 3 hr, and 5 hr.
For the room-temperature tests, the final reading was taken
at about 22 hr. At the end of the stress relaxation phase
the platen was again used to remove the load on the tension
rods, the nuts were removed, and an unloading of the
sample was accomplished. A final shear load-unload cycle
to 50 percent shear strain completed the investigation.
At the start, an investigation was made of the effect of
loading rate on shear modulus to determine the appropriate
rate. The results of this showed that rates up to 40 percent
shear strain per minute were in the "flat" region of the
modulus-rate curve; i.e., a change in rate produced only a
very slight change in modulus. However, as the trend was
to increase the modulus with increased rate of loading,
8 percent shear strain per minute was selected. The modulus calculated at this rate was only about 1 percent higher
than the modulus extrapolated at 0 percent shear strain per
minute loading rate. Figure A-8 shows a representative
load-deflection graph during investigation of a sample. The
indexing was made on the recorder so as to avoid overlapping load-deflection plots. The indexing was performed

Figure A-4. Over-all view—low-temperature

Figure A-5. Exterior of cold box.
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Figure A-6. Interior of cold box.

Figure A-7. Liquid nitrogen metering
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at zero load but is shown elsewhere on the figure for
clarity.
The low-temperature tests were carried out at 40 F ,

20 F , 0 F , - 2 0 F , and - 4 0 F (sample temperature). A
series of cold-box trials was run to investigate the time
necessary to ensure that the sample was at the desired

T A B L E A-1
GROUP A E X P E R I M E N T A L D A T A

Sample

Width
a

Length
b

Thickness
t

Temperature
T

Hardness
D

Shear Modulus
G
average

G

l a s t run

^flnal

Stress
Relaxation

Modulus
Increase
with time

A-IS

3.02

6.06

.54

-40

51

153

162

211

12.0

38

A-ID

3.04

5.95

.50

-40

57

430

481

830

11.8

93

A-2S

3.01

6.05

.52

-20

50

125

136

214

9.9

71

A-2D

3.04

6.02

.50

-20

57

332

404

1173

8.7

254

A-3S

3.02

6.09

.51

0

52

104

109

162

8.1

56

A-3D

3.00

6.00

.50

0

57

273

314

764

8.0

180

A-4S

3.03

6.09

.51

20

51

105

108

121

4.8

15

A-4D

3.02

5.98

.50

20

57

156

181

316

6.9

103

A-58

3.00

6.06

.53

40

51

101

104

110

5.2

9

A-SD

3.03

5.98

.50

40

57

140

156

206

6.3

47

A-6S

3.05

6.15

.50

75

51

100

102

93

3.3

7(b)

A-6D

3.00

6.00

.50

74

57

122

127

141

4.9

16(b)

A-6N

(1) 3.15

6.20

.44

76

30

45

45

45

2.8

0(b)

A-6NR

3.03

6.00

.48

76

47

80

80

82

1.4

2(b)

A-6E

3.12

6.20

.49

76

53

85

87

88

A-9S

2.98

5.93

.53

-40

61

236

261

576

14.7(a)

144

A-ICS

3.00

5.95

.53

0

60

186

204

371

11.7

100

A-lis

3.10

5.96

.50

40

60

121

127

136

6.3

12

A-12S

3.06

6.05

.52

77

60

114

117

114

4.9

0(b)

A-12N(1) 3.12

6.10

.46

76

41

63

63

65

4.0

3(b)

A-12NR

3.00

6.05

.48

77

58

127

128

127

2.6

0(b)

A-12E

3.15

6.10

.54

76

61

116

120

126

5.9

9(b)

A-13S

3.05

6.05

.57

-40

70

369

411

741

17.0(a)

A-14S

2.97

5.95

.57

0

70

251

297

468

10.6

86

A-15S

3.01

•6.07

.53

40

71

177

191

215

6.0
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A-16S

3.08

6.10

.54

76

70

170

185

188

5.3

11(b)

A-16N(I) 3.05

6.12

.46

76

55

102

110

117

5.3

15(b)

A-16NR

3.00

6.00

.47

76

69

206

211

210

3.6

2(b)

A-16E

3.06

6.02

.56

76

72

184

193

199

6.1

8(b)

A-18S

6.00

12.00

.51

76

51

97

99

97

4.0

0(b)

A-18D

6.00

11.97

.50

76

57

121

126

125

4.6

3(b)

A-20S

3.02

12.04

.52

76

51

100

101

101

3.2

120
123
psl

122
128
psl

117
136
psl

4.2
5.2
% per
Decade

Kb)
3(b)
11(b)
X

A-20D
3.01 11.95
6.00
A-21D(2) 2.97
Inches Inches

.50
.50
inches

S «= Neoprene
D = Ncoprene-Dacron Combination
N
Natural Rubber
E = EPDM

76
77
F

(1)
(2)

57
57
Shore A
Durometer

Replicate Samples
Bonded to S t e e l Plates

(a)
(b)

5.4

4(b)

101

I n i t i a l Slope
Room temperature Increase
represents considerably
more than 6 hours.

21

temperature, and to investigate the relation between temperatures of the sample and the air in the cold box. It was
found that the sample could be brought to a steady-state
condition in 1 hr by initially reducing the cold-box temperature to somewhat less than the test temperature, and
then raising the temperature back to that desired shortly
before initiating the shear cycling. These low-temperature
tests were run in much the same manner as those at room
temperature, with the exception that the stress relaxation
phase could not be allowed to run overnight because of the
necessity of monitoring the quantity of liquid nitrogen remaining in the system. Figure A-9 shows the shear "set"
visible in a sample immediately following a test at —40 F .
Throughout each test run, sample condition was observed and noted for elastomer deterioration, bond tearing,
shear "set" (failure of the sample to return to the original
zero deflection), and any other effect that could be of some
importance.
RESULTS
Each sample run produced a recorder graph of shear load
(Pg) versus shear deflection (d); a typical run is shown in
Figure A-8. From these traces, a slope was estimated in
the portion of the curve as shown, and a shear modulus
was computed as follows:

_ (0 ( A P J
^ -

lab

(Ad)

(A-I)

in which
G
t
a
b
APj
Ad

=
=
=
=
=
=

shear modulus, psi;
sample thickness, average of two, inches;
sample width, average of two, inches;
sample length, average of two, inches;
shear load over part of curve, pounds; and
shear deflection over same part of curve, inches.

A n average shear modulus (G^yg) was computed from the
results of the first five loading cycles; a shear modulus was

Figure A-9. Shear "set" following low-temperature

test.

computed for the fifth cycle (Gustjun) and for the sixth
and final cycle after stress relaxation (G(i„„i). The results
of these calculations are given in Table A-1, together with
the geometry and hardness data for each sample.
Figure A-10 shows a typical shear load-time history;

no

TIme.T, minutes

Figure A-10. Typical shear stress-time graph; constant 50 percent shear strain.
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when the shear load-time history is plotted as shear stress
(shear load divided by total shear area) versus log time,
the result may be approximated by a straight line through
the data points. The slope of this Ime represents the stress
relaxation for the sample and is computed as follows:
Stress relaxation

_ ( r , - T j

(100)

(r.) (n)
= percent per decade of time

(A-2)

in which
T i = shear stress at 1 min, psi;
r„ = shear stress after n decades of time, psi; and
n = number of decades of time.
The results of these calculations are given in Table A-1.
A plot of sample hardness taken with a Shore A durometer versus the computed average shear modulus at room
temperature is shown in Figure A-11. This plot is in general agreement with information available in the literature; the trend is for an increase in shear modulus with
increasing hardness. Note, however, that the data have
by no means an exactly definable relationship; rather they
are represented by a band. The hardness of a sample
is therefore only a relative indication of shear modulus.
Figure A-12 shows the expected trend of higher shear
modulus with decreasing temperature Every attempt was
made during the investigations to assure that the same
elastomer properties were being represented at low temperature as at room temperature, so that the nominal hardnesses indicated on the graph should have only relative
importance. F o r the 50-durometer samples, shear modulus
increase was small until the temperature reached about

—20 F , whereas both the 60- and 70-durometer samples
exhibited considerable shear modulus increase at less than
40 F . Also to be noted is the comparison between the two
apparently different formulations of 60-durometer neoprene; the neoprene-dacron combination experienced a far
greater shear modulus increase at low temperatures than
did the neoprene samples.
Figure A-13 shows a graph of stress relaxation versus
shear modulus; the higher shear moduli were those obtained at low temperatures. Although the data points cover
a wide band, it is interesting that the general trend is for
greater stress relaxation at lower temperatures (higher
moduli). It must be pointed out, however, that the stress
relaxation at low temperatures covered a period of only
about 5 hr and that some decrease in the rate of stress
relaxation was apparent at that time in at least two
samples.
The increase in shear modulus with length of time under
strain is shown as a percent versus the sample test temperature in Figure A-14. This increase was calculated as
follows:

X Neoprene-Ooeron 6 0 *
O Neoprene 9 0 *
•••Neoprene 6 0 *
A Neoprene 7 0 *

400|-

"Nominal Hardness

300h

25(V

200}

1501-

lOOh

Stars A Diaoneter

Figure A-11. Shore A durometer
modulus ( G . T i ) .

hardness

-40

versus

shear

J_

-20

O

_1_

20

40

75

Temperature, *F

Figure A-12. Shear modulus (Gtrt) versus temperature.
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100

400

300

200
Shear Modulus, G, psi (Cy^)

Figure A-13. Stress relaxation versus shear modulus ( G . T S ) at 50 percent shear strain.

Percentage increase in shear modulus

_ /Gfinol

A

n

X 100

280

(A-3)

2G0

The shape of these curves reveals that for neoprene there
is a temperature (about —20 F ) at which this modulus
increase occurs most rapidly. The fact that the curves drop
off below this temperature points to the crystallization
phenomenon as the cause of the increase. The effect of
crystallization was more apparent in the nominally 60durometer neoprene-dacron combination than in any of
the other neoprene samples, probably due to the difference
in formulations.
One final observation is that in none of the samples was
either bond or elastomer tearing a problem. I n fact, although one of the neoprene-dacron samples had about a
Vi-in. void at the start of one test, this void did not enlarge
at all during the series of shear cycles. A t low temperatures there was a tendency for the neoprene-dacron samples to slip between the steel plates at high shear loads, but
this posed no significant obstacle to obtaining modulus
data.

I

\\

\\ \

I

/

/

240
220
200

% Increase in shear modulus ot
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Figure A-14. Increase in shear modulus with time at constant temperature.
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APPENDIX B
GROUP B—COMPRESSION BEHAVIOR

The Group B experiments covered the effects of geometry,
lamination, and holes on the compressive stress-strain behavior of bearing samples ranging in size from laboratory
specimens (down to 9 sq in.) to full size (up to 266 sq i n . ) .
Materials were neoprene, natural rubber, and E P D M
bonded to steel plates, and neoprene-dacron combination.
Shape factor ranged from about 1 to 15; number of laminates, from 1 to 18; and hardness, between 50- and 70durometer. A l l tests were run at room temperature. I n
all cases, compressive stress-strain behavior was compared
to that predicted by both theoretical and empirical
approaches.
EQUIPMENT
Two machines were used in the Group B experiments because of the large range of compressed sample areas. The
smaller machine was a Baldwin-Southwark hydraulic
compression-tension test unit, used here in its compression mode. The maximum machine capacity is 60,000 lb,
with six load ranges to facilitate accurate results on small
samples. A s in the Group A test series, coupled to the unit
is (1) a direct readout of platen movement through a tape
drive, and ( 2 ) a load/deflection recorder (pen on graph).
This latter device records (1) the load through a
mechanical-pneumatic hook-up, and (2) the relative deflection of the moving platen to the fixed crosshead by a
motor driven from the output of an L V D T (extensometer).
As used in the Group B expenments, the recorder provides a permanent graph of compressive load versus compressive deflection. The larger machine was a Tinius-Olsen
hydraulic compression-tension test unit with a maximum
capacity of 400,000 lb and six load ranges. Its operation
was in most respects similar to the smaller Baldwin unit,
with the added convenience of an electronic deflection-rate
indicator, which made it possible to maintain a constant
strain rate by holding the pointer at a predetermined
location on the indicator. In all cases, a piece of flat Vi-in.
steel plate was inserted between the sample and the upper
crosshead to assure even loading, as when the sample extended somewhat beyond the width of the crosshead. The
upper crosshead was 20 m. wide, whereas the largest samples were nominally 22 in. wide; the loaded overhang was
1 in. on each end and in the lowest stressed area of the
bearing surface. This plate was found necessary when the
center section of sample B-26S was extended somewhat
through the center tension grip hole in the upper crosshead.
Figure B-1 shows the Tinius-Olsen unit with a large sample
placed between the platen and crosshead.

METHOD
Compression test samples were cut from the appropriate
sheet stock with a single shear stroke from a pneumatically
operated blade. The materials were neoprene, natural rubber, E P D M , and neoprene bonded to dacron; sheet stock
was nominally VA, Vt, and 1 in. thick in 50-, 60-, and
70-durometer (Shore A durometer). The areas ranged
from 9 to 266 sq in. Plates shear-cut from Vi-in. steel
were bonded on each side of single-laminate bearings and
also between the elastomer sheets on multiple-laminate
bearings. The bonding method is described in Appendix E .
Exceptions to this were the neoprene-dacron samples, these
were placed, rather than bonded, between the steel plates.
Laminated neoprene-dacron bearings did not have steel
plates between elastomer sheets. T o assure an adequate
edge bond, all steel plates were cut
in. larger than the
sample dimensions of length (6) and width (a) Length,
width, and thickness were recorded for each sample and
are given in Table B-1. The final eight samples had holes
cut in them to the diameter shown, but the bonding procedure remained the same.
Each finished sample was placed in the center of the
machine platen and loaded at an arbitrary 4 percent compressive strain per minute to a total of 20 percent strain
(based on original thickness) or 2,000 psi, whichever occurred first. In several cases involving the larger bearings,
the load limits of the test machine precluded reaching the
2,000 psi. The sample was then unloaded to the starting
point and the load-unload cycle was repeated a total of
four times to assure conditioning. Figure B-2 shows a
large bearing prior to loading, and loaded to 2,000 psi,
respectively. A l l load-deflection data were recorded on
graph paper and the bearing samples were observed for
bond tearing and elastomer deterioration. A s a result of
a general lack of good bond adhesion observed during the
testing, four replicate beanngs were prepared with particular attention to proper bonding. These were then
tested, and are denoted by an "R" after the sample designation in Table B-1. A l l tests were run in a temperatureand humidity-controlled laboratory at 75 F ± 1 .
RESULTS
All data were recorded in the form of compressive load
{Pg) versus compressive deflection (8^) curves, as shown
by Figure B-3. T h e deflection scale was indexed after each
load-unload cycle to avoid overlapping curves. The index
was established at zero load but is shown elsewhere on the

25

Figure B-2. Sample B-185 prior to loading {upper) and
during loading (lower).

Figure B-1. Tinius-Olsen compression test machine.
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figure for clarity. Tlie compressive behavior of each bearing was predicted in each case, from the value of shear
modulus obtamed in the Group A experiments, with the
use of the modified theoretical approach usmg the digital
computer and also the empirical approach (see Appendix

T A B L E B-1
GROUP B E X P E R I M E N T A L DATA

Sample
B-IS
B-ID
B-2S
B-3S
B-3D
B-3N
B-3E
B-4S
B-4N
B-4E
B-JS
B-SN
B-SE
B-6S
B-6D
B-7S

B-8S
B-8D

B-93
B-9D
B-IOS
B-IOD

B-llS

B-12D
B-12N
B-12E
B-13S
B-13D
B-14S
B-14D
B-ISS
B-16S
B-17S
B-18S
B-19S
B-19D
B-20S
B-20D
I-21S
B-21D
B-22S

B-23SR'''
B-23D
B-24S
B-24D
B-2SS
S-2SD
B-2«S
B-27S
B-2711
ft-27E
B-28S
B-29S
B-30S
B-31S
B-32S
B-33S

S-33SB<'>
B-34S
B-3SS
B-3SSR(1)
B-3SN
B-3SE
B-36S
B-37S
B-38S
B-39S
B-4as
B-4as

t-iOS
B-40S
B-401)
B-&OD
h-wa

B-AOD

Width
a

Length
b

3 02
3.02
2.98
3.00
3.01
3 03
2.98
6 04
2.97
6 01
3.01
6.02
2.99
5.60
3.01
6.07
3.07
6 01
3.03
5.91
3.02
6.01
3.00
6.04
3.00
5.99
3.02
12 OS
3 OS 12.00
2.95
11.88
5.98
5.99
5.97
6.02
5 98
6.04
6.02
6 02
6.00
6.04
5.96
S.9S
6 06
6.09
5.99
12.01
6.00
12 04
6.04
12.00
5.98
12.00
6 00
11.95
5.99
11.98
6.03
12.04
6.00
12.03
6.03
12.02
5.98
12 00
6.02
11.99
12.05
22.09
11.99
22.00
6.02
22.09
6.02
21.92
6.02
22.04
6.04
22.01
6.01
22.03
6.04
22.13
6.03
22.10
11.97
12.02
11.97
12.02
11.95
11 99
11.96
12.00
12.03
12.07
11.99
12.01
12.06
12.10
11.98
12.00
6.06
11.98
6.08
12.04
5.96
11.94
5.59
11.97
6.00
11.95
6.04
12.00
6.03
24.05
6.01
23.75
9.01
9.05
9.04
9.04
9.00
9.12
9.04
18.10
8.99
18.08
9.00
16.80
9.04
17.50
9.01
18.06
9.06
17.96
9.03
27.08
9 00
27.10
3.00
6.04
3.01
6.04
3.01
6.06
3.01
6.06
2.98
6.01
2 99
5.99
3.0O
6.01
3.0O
5.92
IncboB inchas

(1) Replicate soaplea

Thlckneaa
t
0.53
0.50
0.53
0.51
0.50
0.47
0.52
0.51
0.47
0 54
0.53
0.46
0.56
0.50
0 50
O.Sl
0 51
0.50
0.50
0.50
0.49
0.50
0.54
0.50
0.53
0.50
0 50
O.SS
0.49
0.50
0.50
0.50
0.50
0.49
1.00
0.98
0.50
0.50
0.48
0 SO
0 51
0.50
0.53
0.52
0.51
0.50
O.SO
0.50
O.Sl
O.SO
0.53
0.26
0.22
0.27
0.27
0.27
0.27
0.27
0.28
0.25
0.25
0.26
0.26
0 25
0.24
0.28
0.27
0.27
0.24
0.28
0.50
0.50
0.50
0 50
0.50
0 50
0.50
0 50
iDchea

S
D
N
E

•
•
-

Shape
Factor
S

1 42
1.49
1.42
1.96
1.99
2.13
1.87
1.97
2.16
1.85
1.90
2.18
1.78
2.41
2.43
2 32
2.93
3.00
3.00
3 01
3.07
2.98
2.81
4.00
3.77
4 02
3.99
3.63
4 07
4.02
4.00
4.02
3.99
4.09
3.90
3.96
4.73
4.72
4.93
4 74
4.63
4.74
4.47
5.77
5.91
5.98
5.99
6.02
5.88
6.04
5.66
7.74
9.18
7.36
7.39
7.40
7.44
8.93
8.56
9.03
9.21
8.71
11 6
12.0
12.2
10.6
11.1
11.2
14 1
12.1
1.78
1.59
1.44
1 29
1.81
1.62
1.43
1.34

NoDlnal
Hardness
D

Number of
Laminations Hole
n
DloDeter

51
57
70
51
57
47
53
60
58
61
70
69
72
SI
57
70
SI
57
51
57
51
57
70
SI
51
57
47
S3
51
57
51
57
51
60
51
51
51
57
51
57
51
57
70
St
51
57
51
57
51
57
70
51
47
53
51
51
60
51
70
51
SI
70
51
51
47
53
60
70
51
70
51
51
51
51
57
57
57
S7
Shore A
Durometer

Neoprene
Heoprene-Dacron Combination
Natural Rubber
EPm

J

During the actual experimental work, it was observed
that almost all bearings "squeezed out" to some^ extent
because of inadequate bonding. This ranged from an inch
of missing bond to several cases where more than half the
bond was inadequate. The combination of nonflat steel
plates and nonflat elastomer sheets contributed to this problem. The recommended 7-mil thickness of bonding agent
was not enough to make up for the waviness of the mated
surfaces. No quantitative estimate of remaining bond could
be made during the testing, however, so it was decided to
make a judgment from the shape of the curves to allow
the rejection of certain sample data. Another factor leading to this decision was the comparison of the replicate
bearing data The bonding for all replicate bearings was
carefully done, and all these bonds exhibited excellent
holding However, the comparison did not show that the
other bearings were always softer, as might be expected
when some areas of a bearing are unbonded. The experimental error, including variations in material properties,
was judged to be of the same order of magnitude as the
effects of a variation in bonding. With this in mind, the
data from eight of the samples were judged unacceptable
for reasons of bonding (as evidenced by the shape of the
stress-strain curve). The fact that three of the six E P D M
samples produced unacceptable data is due to that material's poor affinity to the bonding agent used, and not
necesarily to poor material.

I
I
I
I
I
I
I
I

I
I
1
I
I

4
7
7

I
I

1
1

i^
7
7

I
I

9
1
1
4

7
7
1
I

I
I

4
4
7
7
1
1
4
7
1
1
1
I

I
I
1
1
1
1
1
I
1
I
1
1
1
I

1
I

I

F ) . F o r each bearing, then, the theoretical and empirical
predictions were placed on a plot of load (stress) versus
deflection (strain), using the same scales as the original
sample data. Because of some question about the zero
point or origin on each experimental curve, it was decided
to "fit" the curve to a reference point of 100 psi and shift
It to agree there with the theoretical prediction. This was
done in each case; representative graphs are shown in
Figures B-4 through B-17. Plots for all tests are available
by contacting the Progam Director, N C H R P . The computed value of shape factor is shown for each bearing. The
heavy solid line represents the experimental results (labeled E X P ) ; the dashed line, the theoretical approach
(labeled T H E ) ; and the light solid line, the empirical
approach (labeled E M P ) . (See Appendix F )

5/8"
1-1/8"
1-1/2"
2-i-i/e"
1/2"
1"
1-1/2"
2-1"

From the remaining sample curves the values of compressive strain at 500, 1,000, 1,500, and 2,000 psi compressive stress were recorded and compared with the values
predicted both by the theoretical and the empirical approaches. Initial judgment was that for low values of
shape factor (1 to 4 ) , the theoretical predictions of compressive behavior were adequate; for medium shape factors (3 to 5 ) , the empirical approach appeared valid.
However, for higher values of shape factor, neither available prediction gave accurate results. Therefore, a total
analysis of the data was attempted to correlate compressive stress-strain behavior empirically for the range of
shape factors investigated. Because the data scatter was
substantial, a straight-line approximation was made on a
log-log plot of shape factor versus compressive strain, at

27

Compressive
0

SIroin, € j , Percent
10

a constant hardness and compressive stress. Figure B-18
shows the result of one such curve for SO-durometer and
SOO psi. Evident in this figure is the spread of experimental
data. This curve-fit was accomplished by using a least
squares regression "best fit" of the data to an expression of
the form

20

tc = aS'> (constant hardness, compressive stress)

(B-1)

in which
= compressive strain, percent; and
S = shape factor = one loaded area — total free area.
Once the curves were plotted and analyzed, it became
apparent that the nominally 60-durometer neoprene-dacron
behaved somewhat "softer" than expected and the curves
for this material were derived separately. Too few data
points then remained at 60-durometer, so only 50- and
70-durometer curves were fit. The resulting constants for
E q . B-1 are given in Table B-3.

H500

1

For uniformity of presentation and to put the results of
the data analysis in a reasonable form for use in design
efforts, the log-log curve information was plotted as compressive stress-strain curves for constant shape factor (Figs.
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Figure B-4. Compression of sample B-35.
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Figure B-6. Compression of sample B-3N.
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Figure B-7. Compression of sample B-3E.
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B-19, B-20, and B-21). Whereas, again, these shape factor curves had to be "fit" to the empirically derived points
at 500, 1,000, 1,500, and 2,000 psi, the fit was accomplished without much trouble and represents a further
refining of the data to useable form.

n , Number of

Loniinatiani

Figure B-22. Neoprene: effects of lamination on compressive

Strom

Percent

Figure B-21. Stress-strain in compression—57-durometer
prene-dacron).

strain.

(neo-

The effects of lamination on compressive stress-strain
behavior were investigated in this experimental group by
bonding as many as 18 neoprene sheets together with steel
plates between. Also investigated were neoprene-dacron
bearings without bonding or steel plates. Descriptions of
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the laminated bearings are given in Table B-1. F o r a given
nominal shape factor, bearings were tested that differed
only in number of laminations. With the compressive
strain behavior of the single-laminate bearing assumed as
the unit value, the strain of the multilaminate bearings was
compared at 500, 1,000, 1,500, and 2,000 psi stress and
these four values were averaged to determine a compressive strain ratio. This ratio was then plotted as shown m
Figures B-22 and B-23 for neoprene and neoprene-dacron,
respectively. For the 50-durometer neoprene, it appears
from the graphs that there is no obvious effect of lamination on compressive bearing behavior. Any small effects
are of necessity obscured by the range of experimental
data, the sampling is too small to interpret the results
statistically. On the other hand, it seems likely that for
neoprene-dacron of constant shape factor, the greater the
number of laminations, the greater the compressive strain.
The number of data points is too few, however, to make
any quantitative evaluation of this effect.
The effect of holes is evident in the compressive behavior
of the eight bearings, B-40 (Table B-1) Although there is
no theoretical prediction for these bearings, the empirical
approach may be used with the calculated shape factor to
predict the behavior. In short, the holes of the sizes used
changed the shape factor significantly, and the behavior
was altered in the direction and by the amount predicted.
Figure B-18 of compressive strain versus shape factor
shows that these data points do indeed lie near the bestfit curve. It is expected that this would be true for the
effects of holes on larger shape factor bearings.
Although they were not one of the principal areas of
investigation, it is important to point out that two bearings
in the Group B experiments became unstable under com-

4

S

, Number of Lominations

Figure B-23. Neoprene-dacron
pressive strain.

effects of lamination on com-

pressive stresses of less than 2,000 psi. These were B-15S
(Fig. B-11) and B-18S (Fig. B-12), both with a nominal
shape factor of 4. The first had 18 laminations and became
critical at about 600 psi; the second had 9 laminations and
became critical at about 1,400 psi.

APPENDIX C
GROUP E—COMMERCIAL BEARINGS, SHEAR AND COMPRESSION

The Group E experiments covered the behavior in shear
and compression of commercial bridge bearings of two
types: neoprene vulcanized and bonded to steel plates, and
neoprene vulcanized and bonded to dacron sheets. The test
conditions were designed to simulate actual bridge bearing
emplacements as nearly as possible, but without rotation
or temperature changes. Tests were run in shear under
constant compression between concrete surfaces to shear
strains of ± 5 0 percent, and in compression only to 2,000
psi stress. The hardness of all bearings was between 50and 60-durometer. A n attempt was made to determine the
variation in elastomer material properties throughout the
bulk of each bearing. Compressive stress-strain behavior
was in all cases compared to that predicted by both
theoretical and empirical approaches.

EQUIPMENT
The test set-up for use in the Group E experiments was
designed around the same Tinius-Olsen 400-kip tensioncompression machine used for part of the Group B experiments. With the intent of simulating actual bridge loading conditions on commercial bearings, three slabs were
constructed of high-strength concrete with tie-rods cast in
place. Short sections of I-beam were cut to fit between the
ends of the tie-rods; steel plates were slipped over the tierod ends to take up the bearing shear loads. A pair of
hydraulic cylinders with a hydraulic jack were obtained
and cahbrated to determine the cylinder pressure-load
characteristics. These cylmders were then bolted between
the I-beams and the central concrete slab. A magnetic
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mount attached to one of the hydraulic cylinders held a
pointer which indicated the relative movement of the
central slab to the upper and lower slabs; a scale fastened
to an upper tie-rod allowed reading shear deflection to the
nearest hundredth of an mch. A 3'/i-in. dial gauge mounted
on the front of the hydraulic jack indicated cylinder pressure to the nearest 12 psi. The whole assembly was placed
between the platens of the Tinius-Olsen machine to allow
the mamtenance of a constant compressive load during the
shear loading. A schematic diagram of the test set-up is
shown in Figure C-1. Compressive load was indicated on
the face of a large dial gauge and the compressive loaddeflection behavior was recorded continuously on the penrecorder arrangement beside the loading dial. A n added
advantage during these experiments was the use of a solidstate feedback device coupled to the load readout on the
Tinius-Olsen machine. One had only to come up to load
and then engage this device, and the load was held constant within 0.5 percent. Figure C-2 shows the compression machine with the shear rig installed.

as Table C-1 clearly indicates. E a c h steel-laminated bearing had an outer covering of about V4-in. of neoprene, and
also about a Mo-in.-high raised rib around the outer periphery of the compressed area. Each mner laminate of
the neoprene-dacron bearings had a double thickness of
dacron molded and vulcanized in; the outer surface had
one layer of dacron. I n bearings E - 5 D and E - 8 D , the inner
dacron sheets did not remain flat and parallel near one
edge, but rather curled toward the center of the bearing
and stopped about V4-in. short of reaching the outer
surface.
One each of a pair of test samples was placed between
the central and upper, and central and lower concrete slabs.
These bearings were very carefully aligned in the center of
the slabs, with the width dimension parallel to the direction of shear (as in actual installations), and the entire
test set-up "squared" to assure uniform loading. The pair
of bearings was then loaded at a rate of 4 percent compressive strain per minute to a compressive stress of 500 psi
and held at that load for approximately 15 mm to accomplish the initial compressive creep. Then, the I-beams were
aligned vertically and bolted securely between the steel retaining plates on the Ue-rods. The shearing was initiated
by manually pumping the hydraulic jack to apply pressure
to one end of the central concrete slab, and a shear strain
rate of approximately 8 percent per minute was maintained
with a stopwatch. A t each Mo-in. increment of shear deflection, the hydraulic pressure was read and recorded. At
50 percent shear strain, the load was maintained and the
quick-release hydraulic couplings were switched; the load

METHOD
Four pairs of full-sized 52-durometer neoprene commercial bearings laminated with steel plates (laminated and
vulcanized simultaneously), and five pairs of 57-durometer
neoprene commercial bearings laminated with dacron
sheets were obtained for testing It was hoped that each
laminate in a bearing would have the same thickness, and
thus shape factor, however, this was definitely not the case,
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T A B L E C-1
GROUP E EXPERIMENTAL D A T A
Number ot
Laminations

Length
b

Bearing

S

0.27

7.34

0.53

6.23

0.55

6.00

0.57

5.79

0.26

8.97

0.27

8.64

0.29

8.05

0.30

7.78

0.16
0.20
0.25
0.27
0.29
18.00

6.00

12.25

0.25
0.26
0.25
0.45

Figure C-2. Compression machine with shear rig installed.

0.50
E-6D

6.10

12.20

E-7D

6.00

12.00

E-8D

12.05

12.20

0.50
0.50
0.25
0.45

was then allowed to drop at the same 8 percent shear strain
per minute. Six load-unload cycles were accomplished in
this manner, resulting in three completely reversed shear
cycles. Figure C-3 shows the appearance o f a large bearing ( E - I S ) at about 37 percent shear strain under 500 psi
compressive stress. Following the shear tests, the I-beam
was released and the compressive load was removed. Then,
two compressive stress-strain cycles were accomplished on
one bearing of each pair to 2,000 psi at a strain rate of
4 percent per minute, with continuous recording of load
and deflection. A l l the preceding tests were r u n i n a
constant-temperature laboratory w i t h the temperature
maintained to 75 F ± 1 .

0.50
12.00

12.00

inches

inches

S - Neoprene
D = Neoprene-Dacron

12.2

0.45

0.31

6.00

Shape
Factor

0.50

inches

7.53
13.1
10.5
8.40
7.78
7.24
9.00
8.65
8.OS
4.47
4.03
4.07
4.00
12.1
6.74
6.06
6.00

Combination

T o investigate the possibility that the shear modulus o f
the neoprene material might vary through the bearing due
to differing degrees of vulcanization, a 3-in. by 6-in. section was cut f r o m the center of one bearing o f each of the
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Figure C-3. Bearing E-IS under combined compression and shear.
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T A B L E C-2
SHEAR MODULUS F O R C O M M E R C I A L B E A R I N G S
70
Deflection Reading - Inches
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Gamill

BEARING

(PSl)

(PSI)

Gfull

E-IS
E-2S
E-3S
E-4S
E-5D
E-6D
E-7D
E-8D
E-9D

118
110
102
110
112
lis
133
142
160

89
100
102
108
114
119
134
100
130

0.75
0.91
1.00
0.98
1.02
1.05
1.01
0.70
0.81
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nine pairs and, using the test set-up from Group A , tested
in shear to 50 percent strain with four complete loadunload cycles. The same 8 percent-per-minute strain rate
was used, and all tests were carried out at room temperature.

RESULTS
The data for shear load-deflection were recorded as discrete points of cylinder pressure ( C P , psi) versus scale
reading (d, inches) and plotted in this manner for each
shear cycle (see Fig. C - 4 ) . From this curve, a slope
( = A C P / A d ) was calculated for each loading portion of
the cycle and then factored to obtain a shear modulus. The
first modulus value was disregarded as a conditioning cycle
and the remaining moduli were averaged to obtain the
average shear modulus (G^yg), as in the Group A experiments. These values are recorded in Table C - 2 . F o r each
bearing, the average shear modulus together with the geometric data were used to predict the compressive stressstrain behavior by calculation with both the theoretical and
empirical approaches. The experimental data for compressive load versus deflection were then put on the same plot
with the predicted curves; the results are Figures C-5

Compressive

S t r o m , € ^ , Percent
5
H2000

through C-13. A s in the Group B curves, the experimental data and theoretical curves were matched at 100 psi
stress to facilitate comparison. Unfortunately, only three
of the bearings had laminates of constant shape factor
throughout. However, a comparison of bearings E - 6 D ,
E - 7 D , and E - 9 D (Figs. C-10, C - U , and C - 1 2 ) show good
correlation with the refined results of Group B (Fig. B-20).
The shear stress-strain behavior from the tests on 3- by
6-in. bearings cut from the larger commercial bearings was
analyzed as in Group A , and the average shear modulus
was computed from the four cycles; Table C - 2 compares
the modulus for the full-size bearing with that for the
small sample. Bearings E - I S (3 in. by 6 in.) and E - 8 D
(3 in. by 6 in.) were observed to shear in an "S"-shaped
manner, indicative that a large part of the deflection is due
to bending. This would explain two of the three low modulus ratios in Table C-2. O n the other hand, E - 9 D (3 in. by
6 in.) can be explained only by either the effect of shearing
surface (concrete versus smooth steel) or a shape factor
effect. As the former would show up for all neoprenedacron bearings, it appears that going from a shape factor
of 6 to one of 2 reduced the effective shear modulus of this
material by 19 percent However, a comparison of data
from Group A for the same material and hardness suggests that the effects of both expenmental error and
variations in material composition are easily as significant
as any shape factor effects. It must be concluded, then,
that no discernable variations in modulus are to be found
within a bearing of the sizes and shapes investigated.
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APPENDIX D
GROUP F—SHEAR CYCLING UNDER CONSTANT COMPRESSION

The Group F experiments covered the behavior of laboratory-size sample bearings under constant compressive load
and high rate cycling of shear strain from -1-50 percent to
—50 percent. The bearing materials were neoprene, natural rubber, and E P D M bonded to steel plates, and neoprene-dacron combination placed between steel plates.
Hardness was nominally 50-durometer with the exception
of neoprene, tested in 50-, 60-, and 70-durometer. Bearings were sheared cyclically and continuously for more
than two days each to observe the effects on shear modulus
and also on compressive creep.

EQUIPMENT
Several systems were used in the Group F experiments to
simultaneously shear and compress each pair of samples.
The entire test set-up was designed around the M T S 130kip (dynamic capacity) hydraulic tension-compression
machine located in the constant temperature and humidity

laboratory. This machine was chosen, not for the capacity,
but for the space it afforded the apparatus needed to hold
the samples under constant compression. The M T S machine was controlled automatically in a constant-stroke
mode to assure ± 5 0 percent shear strain during the
testing. Coupled to the automatic control unit was a
moving-pen recorder to register load versus deflection
continuously on a fixed chart paper. The horizontal and
vertical pen movements were controlled by voltages proportional to shear load and deflection, respectively. The
shear load was sensed by a load cell in the fixed upper
machine head. The compressive loading frame was built
to be mounted directly to the upper (fixed) platen of the
M T S machine, as shown schematically in Figure D-1. The
support yokes were originally coated on the loaded surfaces with teflon tape to allow the load frame to move
freely within them; but, as the teflon deteriorated quickly,
it was found that paper shims were adequate. The back
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end of the load frame was supported off the fixed machine
head by an adjustable framework of angle sections, as
shown in Figure D-2. Both compressive load plates were
recessed to hold the outer steel plates bonded to the
elastomeric samples. The central shear plate was bolted
between the grip halves mounted on the lower (moving)
platen. F o r reading compressive deflection, a dial gauge
was mounted onto the body of the hydraulic cylinder with
the pointer resting on the block attached to the compressive
load plate. With the entire load frame free to move
longitudinally (parallel to the axis of the hydraulic cylinder), not only could the compressive load plates on
either side of the samples move toward each other but
they could also center on the shear plate. This assured
uniform compression on each sample.
The hydraulic system to maintain constant compressive
load is shown schematically in Figure D-3, and is shown
in operation in Figure D-4. The pump in this unit was
electrical, and was mounted together with a manual valve
and sump as a self-contained unit. Lines were connected
from the valve to the compression cylinder and back to
the sump through a pressure regulator. The cylinder was
one of the pair used in the Group E experiments, and had
been calibrated so that indicated gauge pressure could be
easily translated into sample compressive stress. With
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Figure D-3. Schematic of hydraulic system for
maintaining constant compression.

Figure D-2. Loading frame installed in MTS machine.

the pump on and the valve full open, the pressure regulator
could be used to set the cylinder load and maintain this
load substantially constant for extended periods of time.
In initial trials, it was found that the hydraulic fluid tended
to run at excessively high temperatures, so a water-bath
heat sink was constructed around the sump; this proved
adequate in reducing operating temperatures to a reasonable level.
METHOD

Test samples were cut from the appropriate sheet stock of
neoprene, natural rubber, EPDM, and neoprene-dacron.
Samples were all of either V4- or V^-ia. nominal thickness
and, with the exception of neoprene, were all of nominally
50-durometer hardness. As indicated in Table D-1, neoprene samples were fabricated from 60- and 70-durometer
material. With the exception of the neoprene-dacron, all
samples were bonded in a "sandwich" consisting of two
similar pieces mounted on either side of a V2-in.-thick
central steel shear plate, with V4-m. steel outer plates. The
bonding method is described in Appendix E . The neoprene-dacron samples were placed, rather than bonded,
between the steel plates.
The pump unit was started several minutes prior to test
initiation to assure that a constant-temperature condition
had been reached in the hydraulic fluid. The completed
bearing was then placed between the compression load
plates and a small load was applied to hold the bearing.
The entire load frame assembly was squared and moved
manually to assure complete freedom in the longitudinal
direction. Next, the lower grip halves were moved up and
the shear plate was bolted between them; the apparatus
was carefully watched to make sure that no shear load was
placed on the bearing. The dial gauge was moved into
position and a zero reading was taken, together with the
reading on the pressure gauge. The sample was then
loaded in compression at approximately 4 percent strain
per minute, until a compressive stress of 500 psi was
reached. At increments of loading, both load and deflection were recorded. When 500 psi was reached, the time

Figure D-4. Hydraulic system in operation, with loading
frame.
TABLE D-1
GROUP F EXPERIMENTAL DATA
Shape
Factor

Leagth
Bearing

r-is

3.01

0.51

1.97

F-ID

3.04

0.50

2.02

F-IN

3.05

6.00

0.50

2.02

F-IE

3.02

5.69

0.50

1.98

F-2S

2.93

6.29

0.54

1.87

F-3S

3.02

5.99

0.52

1.93

F-4S

3.02

6.05

0.27

3.73

F-4N

3.02

6.04

0.30

3.35

F-4E

3.01

5.98

0.32

3.18

F.5S

3.01

12.10

0.50

2.41

F.5D

2.92

11.96

0.50

2.41

F-5N

3.00

11.98

0.46

2.59

F-5E

2.98

11.98

0.50

Z.37

Inches

inches

inches

After 10

cycles.
S
D
N
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Neoprene
Neoprene-Dacron Combination
Natural Rubber
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RESULTS
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Figure D-5. Shear loading function.

was noted and the shear cychng was begun. The automatic control on the shear ram was set to give a ramp
function of stroke versus time, as shown in Figure D-5.
In this manner, 100,000 completely reversed shear cycles
were accomplished in approximately 50 hr. A t intervals
of time (and number of cycles), a shear load-deflection
trace was recorded and the dial gauge was read for compressive deflection. Also, the appearance of the bearing
was observed and any tendency for the bearing to heat up
was noted. At the end of cycling, the shear and compression loads were released, the bearing was removed, and
any deterioration of the elastomer or the bond was
noted

The cylinder pressure versus dial gauge readings during
initial compression of each sample were reduced to a
tabulation of data points representing compressive stressstrain behavior. For the bearings where this information
was recorded. Figures D-6 through D-11 show the compressive behavior compared to that predicted by both the
theoretical and empirical approaches. As in the Group B
analysis, the experimental curve was shifted to agree with
the theoretical curve at a compressive stress of 100 psi.
Comparison of these curves with those in Group B shows
a general agreement in that, with the exception of bearing
F-4S, the experimental curve of compressive stress versus
strain lies somewhere between the two predicted curves for
shape factors between 2 and 4.
Compressive creep was analyzed next, with creep versus
time (or number of cycles) the area of interest. Creep is
defined as:
^
/ deflection at time r
A .
^"^P = ( initial deflection " ») X

/
,^
^P--"')
(D-1)

For each material, these data were plotted on a graph and
a curve was drawn through the data points. Figures D-12
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Figure D-14. Creep in compression—natural rubber
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Figure D-15. Creep in compression—EPDM.

through D-IS are the results; it was determined that, because of total bond failure and a possibly slipping dial
gauge, the data for bearing F - I E would be discarded.
Except for bearing F-IE, bonding was not a problem
in this series. Although three other bearings exhibited
some edge bond failure, this was judged inconsequential
because a large fillet of bond was built onto the edge and
the bulging of the bearing under compression in several
cases caused this bond to split. Only one bearing, F-5N,
showed any damage to the elastomer; the nature of this
damage was small bits of rubber being "rubbed" oft the
sample by the combined shearing and compression of one
exposed surface on the raised bond fillet. This probably
was a case of the fillet doing damage, because the bonding
was all done by hand. During the cycling, only one bear-

ing, F - I D , showed any signs of becoming warm to touch
and, even in this bearing, the effect was not judged significant in view of the large shear strain and high shear rate.
The effect of cycling on shear modulus was investigated
by measuring the slope of the loading portion of the shear
load-deflection plot and tabulating these data versus the
number of cycles through which the bearing had been
sheared. For the convenience of comparison, the data
were plotted for three different hardnesses, represented by
bearings F-IS, F-2S, and F-3S, on a single graph of shear
modulus versus the logarithm of the number of cycles
(Fig. D-16). Then, on the same scales, the data from the
other bearings were plotted by shape factor (Figs. D-17,
D-18, and D-19). Change in shear modulus from 10= to
10° cycles is compared in Table D-2.
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Figure D-18. Material comparison—shear modulus versus number of cycles (S—4.0).
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Figure D-19. Material comparison—shear modulus versus number of cycles (S=2.4).

TABLE D-2
CHANGE IN SHEAR MODULUS WITH CYCLING
SHEAR MODULUS (PSi) AT:
BEARING

10'' CYCLES

10° CYCLES

F-IS
F-2S
F-3S
F-ID
F-IN
F-IE
F-4S
F-4N
F-4E
F-5S
F-5D
F-5N
F-5E
Average

98
126
149
114
81
93
119
140
113
108
109
92
99

104
115
147
102
80
98
108
127
107
100
95
82
89

—

—

PERCENT
CHANGE
-1-6
-9
-1
-11
-1
-1-5
-9
-9
-5
-7
-13
-11
-10
-6

100000
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APPENDIX E
BONDING O F ELASTOMERIC S A M P L E S T O S T E E L P L A T E S

The procedure for bonding bearing pad samples for use
in experimental Groups A, B, and F uses "Scotchweld"
brand adhesive manufactured by the 3M Company. The
product number is EC2216 and the adhesive is a twocomponent system consisting of a base and an accelerator
hardener. The steps are as follows:
1. Step One: Sandblast steel plates, both sides, to
assure a good bonding surface and also to remove warping
stresses from plates.
2. Step Two: Clean elastomer, and sand lightly to
remove any residual mold release agent.

3. Step Three: Wipe both plates and elastomer with a
cloth soaked in toluene to remove any grease or dirt.
4. Step Four: Mix adhesive accordmg to instructions
and allow to sit for approximately 20 min. (Weight ratio
is 5 parts B to 7 parts A.)
5. Step Five: Spread adhesive on plates and elastomer
with the aid of a "doctor" blade (7.5 mils X desired
width) and allow to sit for 10 to 30 min, depending on the
dryness of the adhesive.
6. Step Six: Assemble bearing pad sample and block
to prevent lateral movement. Assembled bearing must be
level to prevent elastomer from tending to slide out.

APPENDIX F
PREDICTION O F C O M P R E S S I V E BEARING BEHAVIOR

EMPIRICAL (2)

An empirical approach to the prediction of elastomeric
bearing compressive behavior exists using the concept of
shape factor ( 5 ) . The shape factor of a bearing is defined
as one loaded area divided by the total free area. For a
fully bonded rectangular beanng, the shape factor is:
S =

ab
It {a + b)

(F-1)

in which
a = width, inches;
b = length, inches; and
/ = original thickness, inches.

E,

(F-2)
in which
Eg = Young's modulus; and
k = empirically derived constant, depending on shear
modulus.
For compressive strain c^, then, one has the relation from
Hooke's Law:

+ lkS')

' E,

(F-3)

in which
a-g = average compressive stress, psi; and
= bulk compression modulus, psi. (The final term
is the strain due to bulk compression.)
The stress may be defined as the compressive load divided
by the loaded area, and the strain may be defined as the
compressive deflection divided by the original thickness.
When this is done, the entire expression may be rearranged
to define a compressive stiffness, such that:
Stiffness, = - ^ :

A compression modulus, £ „ is defined depending upon the
shape factor:

Egil

AEgil

+ 2kS^) ' AE„

(F-4)

in which
So = compressive deflection, inches;
Pc = compressive load, pounds; and
A = (a) (6) = loaded area, square inches.
Figure F-1 shows the curves of shear modulus (G)
versus empirical constant ( * ) , Young's modulus iE„),
and bulk compression modulus ( £ „ ) that were used together with geometric data to predict the compressive
stiffness of bearings m Groups B, E, and F. For multilaminate bearings, the compressive stiffness from Eq. F-4
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Figure F-1. Variation in material properties with shear modulus—empirical.
is multiplied by the number of laminations. Where several laminations of differing thickness and shape factor
are involved (as in Group E ) , the stiffness values for
each laminate are added.
THEORETICAL ( 4 ) ( 5 )

A purely theoretical approach to the prediction of elastomeric bearing compressive behavior exists, with the
basic parameters being the material property of shear
modulus (G) and the nondimensional geometric parameters of length-to-width ratio (b/a) and widtfa-to-thickness ratio (a/i). The theory states that the compressive
load-deflection behavior of a bonded rectangular elastomeric bearing is described by the following:
ab

C, "

At
(/-A/)^

(F-5)

or, rearranging.

-{_2 +6^(7)_ - 3 }
(F-6)
in which
Pc = compressive load, pounds,
a = width, inches;
b = length, inches;

a-g = average compressive stress, psi;
G = shear modulus, psi;
( = original thickness, inches;
At = compressive deflection, inches; and
Cf = coefficient, the value of a complex algebraic term,
a function of only (b/a).
The value of the coefficient, € „ is not empirically derived,
but rather is the result of a purely theoretical expression:
c,=

_4

The value of C, has been calculated for a range of
length-to-width ratios and plotted as shown in Figure F-2.
It is important to note that these expressions may also be
used to predict the compressive behavior of multilaminate
bearings by multiplying the resulting compressive deflection (or strain) by the number of equal laminates. Laminates of various thicknesses require separate calculations
for each laminate and the addition of each of the resulting predicted deflections.
Because of their nature, the foregoing expressions were
programmed in FORTRAN to be evaluated by the CDC
6400 digital computer. This program was used in the prediction of compressive load-deflection behavior for bearings in Groups B, E, and F, and, is shown in Figure F-3.
The plot subroutine in this program allows the calculated
values to be plotted automatically, facilitating the comparison with the experimental data. A sample of output,
together with the plotted values, is shown in Figure F-4.

Graph of Equation:
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Figure F-2. Compression constant; theoretical approach.
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Nuclear Methods—Interim Report (Proj 10-5),
32 p.,
$3 00
1 5 Identification of Concrete Aggregates Exhibiting
Frost Susceptibility—Interim Report (Proj. 4-3(2)),
66 p.,
$4.00
1 6 Protective Coatings to Prevent Deterioration of Concrete by Deicing Chemicals (Proj. 6-3),
21 p.,
$1.60
1 7 Development of Guidelines for Practical and Realistic Construction Specifications (Proj. 10-1), 109 p.,
$6.00
1 8 Community Consequences of Highway Improvement
(Proj. 2-2),
37 p.,
$2.80
1 9 Economical and Effective Deicing Agents for Use on
Highway Structures (Proj. 6-1),
19 p.,
$1.20
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25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

Title
Economic Study of Roadway Lighting (Proj. 5-4),
77 p.,
$3.20
DetecUng Variations in Load-Carrying Capacity of
Flexible Pavements (Proj. 1-5),
30 p.,
$1.40
Factors Influencing Flexible Pavement Performance
(Proj. 1-3(2)),
69 p.,
$2.60
Methods for Reducing Corrosion of Reinforcing
Steel (Proj. 6-4),
22 p.,
$1.40
Urban Travel Patterns for Airports, Shopping Centers, and Industrial Plants (Proj. 7-1),
116 p.,
$5.20
Potential Uses of Sonic and Ultrasonic Devices in
Highway Construction (Proj. 10-7), 48 p., $2.00
Development of Uniform Procedures for Establishing
Construction Equipment Rental Rates (Proj. 13-1),
33 p.,
$1.60
Physical Factors Influencing Resistance of Concrete
to Deicing Agents (Proj. 6-5),
41 p.,
$2.00
Surveillance Methods and Ways and Means of Communicating with Drivers (Proj. 3-2), 66 p., $2.60
Digital-Computer-Controlled Traffic Signal System
for a Small City (Proj. 3-2),
82 p.,
$4.00
Extension of AASHO Road Test Performance Concepts (Proj. 1-4(2)),
33 p.,
$1.60
A Review of Transportation Aspects of Land-Use
Control (Proj. 8-5),
41 p.,
$2.00
Improved Criteria for Traffic Signals at Individual
Intersections (Proj. 3-5),
134 p.,
$5.00
Values of Time Savings of Commercial Vehicles
(Proj 2-4),
74 p.,
$3.60
Evaluation of Construction Control Procedures—
Interim Report (Proj. 10-2),
117 p.,
$5.00
Prediction of Flexible Pavement Deflections from
Laboratory Repeated-Load Tests (Proj. 1-3(3)),
117 p ,
$5.00
Highway Guardrails—^A Review of Current Practice
(Proj. 15-1),
33 p ,
$1.60
Tentative Skid-Resistance Requirements for Main
Rural Highways (Proj. 1-7),
80 p.,
$3.60
Evaluation of Pavement Joint and Crack Sealing Materials and Practices (Proj. 9-3),
40 p.,
$2.00
Factors Involved in the Design of Asphaltic Pavement Surfaces (Proj. 1-8),
112 p.,
$5.00
Means of Locating Disabled or Stopped Vehicles
(Proj. 3-4(1)),
40 p.,
$2.00
Effect of Control Devices on Traffic Operations
(Proj. 3-6),
83 p.,
$3.60
Interstate Highway Maintenance Requirements and
Unit Maintenance Expenditure Index (Proj. 14-1),
144 p.,
$5.60
Density and Moisture Content Measurements by
Nuclear Methods (Proj. 10-5),
38 p.,
$2.00
Traffic Attraction of Rural Outdoor Recreational
Areas (Proj. 7-2),
28 p.,
$1.40
Development of Improved Pavement Marking Materials—^Laboratory Phase (Proj. 5-5),
24 p.,
$1.40
Effects of Different Methods of Stockpiling and
Handling Aggregates (Proj. 10-3),
102 p.,
$4.60
Accident Rates as Related to Design Elements of
Rural Highways (Proj. 2-3),
173 p.,
$6.40
Factors and Trends in Trip Lengths (Proj. 7-4),
70 p.,
$3.20
National Survey of Transportation Attitudes and
Behavior—Phase I Summary Report (Proj. 20-4),
71 p.,
$3.20

Rep.
No. Title
5 0 Factors Influencing Safety at Highway-Rail Grade
Crossings (Proj. 3-8),
113 p.,
$5.20
5 1 Sensing and Communication Between Vehicles (Proj.
3-3),
105 p.,
$5.00
5 2 Measurement of Pavement Thickness by Rapid and
Nondestructive Methods (Proj. 10-6),
82 p.,
$3.80
5 3 Multiple Use of Lands Within Highway Rights-ofWay (Proj. 7-6),
68 p.,
$3.20
5 4 Location, Selection, and Maintenance of Highway
Guardrails and Median Barriers (Proj. 15-1(2)),
63 p.,
$2.60
5 5 Research Needs in Highway Transportation (Proj.
20-2),
66 p.,
$2.80
5 6 Scenic Easements—Legal, Administrative, and Valuation Problems and Procedures (Proj. 11-3), 174 p.,
$6.40
5 7 Factors Influencing Modal Trip Assignment (Proj
8-2),
78 p.,
$3.20
5 8 Comparative Analysis of Traffic Assignment Techniques with Actual Highway Use (Proj. 7-5), 85 p.,
$3.60
5 9 Standard Measurements for Satellite Road Test Program (Proj. 1-6),
78 p.,
$3.20
6 0 Effects of Illumination on Operating Characteristics
of Freeways (Proj. 5-2)
148 p.,
$6.00
6 1 Evaluation of Studded Tires—Performance Data and
Pavement Wear Measurement (Proj. 1-9),
66 p.,
$3.00
6 2 Urban Travel Patterns for Hospitals, Universities,
Office Buildings, and Capitols (Proj. 7-1),
144 p.,
$5.60
6 3 Economics of Design Standards for Low-Volume
Rural Roads (Proj. 2-6),
93 p.,
$4.00
6 4 Motorists' Needs and Services on Interstate Highways
(Proj. 7-7),
88 p.,
$3.60
6 5 One-Cycle Slow-Freeze Test for Evaluating Aggregate Performance in Frozen Concrete (Proj. 4-3(1)),
21 p.,
$1.40
6 6 Identification of Frost-Susceptible Particles in Concrete Aggregates (Proj. 4-3(2)),
62 p.,
$2.80
6 7 Relation of Asphalt Rheological Properties to Pavement Durability (Proj. 9-1),
45 p.,
$2.20
6 8 Application of Vehicle Operating Characteristics to
Geometric Design and Traffic Operations (Proj. 310),
38 p.,
$2.00
6 9 Evaluation of Construction Control Procedures—
Aggregate Gradation Variations and Effects (Proj.
10-2A),
58 p.,
$2.80
7 0 Social and Economic Factors Affecting Intercity
Travel (Proj. 8-1),
68 p.,
$3.00
7 1 Analytical Study of Weighing Methods for Highway
Vehicles in Motion (Proj. 7-3),
63 p.,
$2.80
7 2 Theory and Practice in Inverse Condemnation for
Five Representative States (Proj. 11-2),
44 p.,
$2.20
7 3 Improved Criteria for Traffic Signal Systems on
Urban Arterials (Proj. 3-5/1),
55 p.,
$2.80
7 4 Protective Coatings for Highway Structural Steel
(Proj. 4-6),
64 p.,
$2.80
7 4 A Protective Coatings for Highway Structural Steel—
Literature Survey (Proj. 4-6),
275 p.,
$8.00
7 4 B Protective Coatings for Highway Structural S t e e l Current Highway Practices (Proj. 4-6),
102 p.,
$4.00
7 5 Effect of Highway Landscape Development on
Nearby Property (Proj. 2-9),
82 p.,
$3.60

Rep.
No. Title
7 6 Detecting Seasonal Changes in Load-Carrying Capabilities of Flexible Pavements (Proj. 1-5(2)),
37 p.,
$2.00
7 7 Development of Design Criteria for Safer Luminaire
Supports (Proj. 15-6),
82 p.,
$3.80
7 8 Highway Noise—Measurement, Simulation, and
Mixed Reactions (Proj. 3-7),
78 p.,
$3.20
7 9 Development of Improved Methods for Reduction of
Traffic Accidents (Proj. 17-1),
163 p.,
$6.40
8 0 Oversize-Overweight Permit Operation on State Highways (Proj 2-10),
120 p.,
$5.20
8 1 Moving Behavior and Residential Choice—A National Survey (Proj. 8-6),
129 p.,
$5.60
8 2 National Survey of Transportation Attitudes and
Behavior—Phase I I Analysis Report (Proj. 20-4),
89 p.,
$4.00
8 3 Distribution of Wheel Loads on Highway Bridges
(Proj 12-2),
56 p.,
$2.80
8 4 Analysis and Projection of Research on TrafiSc
Surveillance, Commumcation, and Control (Proj.
3-9),
48 p.,
$2.40
8 5 Development of Formed-in-Place Wet Reflective
Markers (Proj. 5-5),
28 p.,
$1.80
8 6 Tentative Service Requirements for Bridge Rail Systems (Proj. 12-8),
62 p.,
$3.20
8 7 Rules of Discovery and Disclosure in Highway Condemnation Proceedings (Proj. 11-1(5)),
28 p ,
$2.00
88
Recognition of Benefits to Remainder Property in
Highway Valuation Cases (Proj. 11-1 ( 2 ) ) ,
24 p.,
$2.00
8 9 Factors, Trends, and Guidelines Related to Trip
Length (Proj. 7-4),
59 p.,
$3.20
9 0 Protection of Steel in Prestressed Concrete Bridges
(Proj. 12-5),
86 p.,
$4.00
9 1 Effects of Deicing Salts on Water Quality and Biota
—Literature Review and Recommended Research
(Proj. 16-1),
70 p.,
$3.20
9 2 Valuation and Condemnation of Special Purpose
Properties (Proj. 11-1(6)),
47 p.,
$2.60
9 3 Guidelines for Medial and Marginal Access Control
on Major Roadways (Proj. 3-13),
147 p.,
$6.20
9 4 Valuation and Condemnation Problems Involving
Trade Fixtures (Proj. 11-1(9)),
22 p.,
$1.80
9 5 Highway Fog (Proj. 5-6),
48 p.,
$2.40
9 6 Strategies for the Evaluation of Alternative Transportation Plans (Proj 8-4),
111 p.,
$5.40
9 7 Analysis of Structural Behavior of AASHO Road
Test Rigid Pavements (Proj 1-4(1)A),
35 p.,
$2 60
9 8 Tests for Evaluating Degradation of Base Course
Aggregates (Proj. 4-2),
98 p.
$5.00
9 9 Visual Requirements in Night Driving (Proj. 5-3),
38 p.,
$2 60
1 0 0 Research Needs Relating to Performance of Aggregates in Highway Construction (Proj 4-8),
68 p.,
$3.40
1 0 1 Effect of Stress on Freeze-Thaw Durability of Concrete Bridge Decks (Proj. 6-9),
70 p.,
$3.60
102 Effect of Weldments on the Fatigue Strength of Steel
Beams (Proj. 12-7),
114 p.,
$5.40
1 0 3 Rapid Test Methods for Field Control of Highway
Construction (Proj. 10-4),
89 p.,
$5.00
1 0 4 Rules of Compensability and Valuation Evidence
for Highway Land Acquisition (Proj. 11-1),
77 p.,
$4.40

Rep.
No. Title
1 0 5 Dynamic Pavement Loads of Heavy Highway Vehicles (Proj. 15-5),
94 p.,
$5.00
1 0 6 Revibration of Retarded Concrete for Contmuous
Bridge Decks (Proj. 18-1),
67 p.,
$3.40
1 0 7 New Approaches to Compensation for Residential
Takings (Proj. 11-1(10)),
27 p.,
$2.40
1 0 8 Tentative Design Procedure for Riprap-Lined Channels (Proj. 15-2),
75 p.,
$4.00
1 0 9 Elastomeric Bearing Research (Proj. 12-9),
53 p.,
$3.00

Synthesis of Highway Practice
1
2
3
4
5

Traffic Control for Freeway Maintenance (Proj. 20-5,
Topic 1),
47 p.,
$2.20
Bridge Approach Design and Construction Practices
(Proj. 20-5, Topic 2 ) ,
30 p.,
$2.00
Traffic-Safe and Hydraulically Efficient Drainage
Practice (Proj. 20-5, Topic 4 ) ,
38 p.,
$2.20
Concrete Bridge Deck Durability (Proj. 20-5, Topic
3),
28 p.,
$2.20
Scour at Bridge Waterways (Proj. 20-5, Topic 5 ) ,
37 p.,
$2.40

T H E NATIONAL A C A D E M Y O F S C I E N C E S is a private, honorary organization of more than 700 scientists and engineers elected on the basis of outstanding
contributions to knowledge. Established by a Congressional Act of Incorporation
signed by President Abraham Lincoln on March 3, 1863, and supported by private
and public funds, the Academy works to further science and its use for the general
welfare by bringing together the most qualified individuals to deal with scientific and
technological problems of broad significance.
Under the terms of its Congressional charter, the Academy is also called upon
to act as an official—yet independent—adviser to the Federal Government in any
matter of science and technology. This provision accounts for the close ties that
have always existed between the Academy and the Government, although the Academy
is not a governmental agency and its activities are not limited to those on behalf of
the Government.
T H E N A T I O N A L A C A D E M Y O F E N G I N E E R I N G was estabUshed on December
5, 1964. On that date the Council of the National Academy of Sciences, under the
authority of its Act of Incorporation, adopted Articles of Organization bringing
the National Academy of Engineering into being, independent and autonomous
in its organization and the election of its members, and closely coordinated with
the National Academy of Sciences in its advisory activities. Hie two Academies
join in the furtherance of science and engineering and share the responsibility of
advising the Federal Government, upon request, on any subject of science or
technology.
T H E N A T I O N A L R E S E A R C H C O U N C I L was organized as an agency of the
National Academy of Sciences in 1916, at the request of President Wilson, to
enable the broad community of U . S. scientists and engineers to associate their
efforts with the limited membership of the Academy in service to science and the
nation. Its members, who receive their appointments from the President of the
National Academy of Sciences, are drawn from academic, industrial and government
organizations throughout the country. The National Research Council serves both
Academies in the discharge of their responsibilities.
Supported by private and pubUc contributions, grants, and contracts, and volimtary contributions of time and effort by several thousand of the nation's leading
scientists and engineers, the Academies and their Research Council thus work to
serve the national interest, to foster the sound development of science and engineering,
and to promote their effective application for the benefit of society.
T H E DIVISION O F E N G I N E E R I N G is one of the eight major Divisions into
which the National Research Council is organized for the conduct of its work.
Its membership includes representatives of the nation's leading technical societies as
well as a number of members-at-large. Its Chairman is appointed by the Council
of the Academy of Sciences upon nomination by the Council of the Academy of
Engineering.
T H E HIGHWAY R E S E A R C H B O A R D , organized November 11, 1920, as an
agency of the Division of Engineering, is a cooperative organization of the highway technologists of America operating under the auspices of the National Research
Council and with the support of the several highway departments, the Federal Highway
Administration, and many other organizations interested in the development of transportation. The purpose of the Board is to advance knowledge concerning the nature
and performance of transportation systems, through the stimulation of research and
dissemination of information derived therefrom.
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