
TRANSPORTATION RESEARCH BOARD  

Elastomeric Bridge Bearings:
Recommended Test Methods

NATIONAL
COOPERATIVE 
HIGHWAY
RESEARCH 
PROGRAMNCHRP

REPORT 449

NATIONAL RESEARCH COUNCIL



Project Panel D10-51 Field of Materials and Construction Area of Specifications, Procedures, and Practices

WILLIAM S. FULLERTON, Montana DOT (Chair)
BARRIE ATKINSON, Cosmec, Inc., Walpole, MA

A. COOMARASAMY, Ontario Ministry of Transportation

ROBERTO LACALLE, California DOT

JOSEPH V. MUSCARELLA, U.S. Army  Corps of Engineers

AZADEH PARVIN, University of Toledo

GREGORY R. PERFETTI, North Carolina DOT

DAVID K. RICHARDS, New York State DOT

HAMID GHASEMI, FHWA Liaison Representative

FREDERICK HEJL, TRB Liaison Representative

Program Staff

ROBERT J. REILLY, Director, Cooperative Research Programs

CRAWFORD F. JENCKS, Manager, NCHRP

DAVID B. BEAL, Senior Program Officer

HARVEY BERLIN, Senior Program Officer

B. RAY DERR, Senior Program Officer

AMIR N. HANNA, Senior Program Officer
EDWARD T. HARRIGAN, Senior Program Officer

TIMOTHY G. HESS, Senior Program Officer

RONALD D. McCREADY, 

CHARLES W. NIESSNER, Senior Program Officer

Senior Program Officer

EILEEN P. DELANEY, Managing Editor

JAMIE FEAR, Associate Editor

HILARY FREER, Associate Editor

ANDREA BRIERE, Assistant Editor
BETH HATCH, Editorial AssistantCHRISTOPHER HEDGES, Senior Program Officer

TRANSPORTATION RESEARCH BOARD EXECUTIVE COMMITTEE 2001

OFFICERS
Chair: John M. Samuels, Senior Vice President-Operations Planning & Support, Norfolk Southern Corporation, Norfolk, VA
Vice Chair: Thomas R. Warne, Executive Director, Utah DOT 
Executive Director: Robert E. Skinner, Jr., Transportation Research Board

MEMBERS
WILLIAM D. ANKNER, Director, Rhode Island DOT
THOMAS F. BARRY, JR., Secretary of Transportation, Florida DOT
JACK E. BUFFINGTON, Associate Director and Research Professor, Mack-Blackwell National Rural Transportation Study Center, University of Arkansas
SARAH C. CAMPBELL, President, TransManagement, Inc., Washington, DC
E. DEAN CARLSON, Secretary of Transportation, Kansas DOT
JOANNE F. CASEY, President, Intermodal Association of North America
JAMES C. CODELL III, Transportation Secretary, Transportation Cabinet, Frankfort, KY
JOHN L. CRAIG, Director, Nebraska Department of Roads
ROBERT A. FROSCH, Senior Research Fellow, John F. Kennedy School of Government, Harvard University
GORMAN GILBERT, Director, Oklahoma Transportation Center, Oklahoma State University
GENEVIEVE GIULIANO, Professor, School of Policy, Planning, and Development, University of Southern California, Los Angeles
LESTER A. HOEL, L. A. Lacy Distinguished Professor, Department of Civil Engineering, University of Virginia
H. THOMAS KORNEGAY, Executive Director, Port of Houston Authority
BRADLEY L. MALLORY, Secretary of Transportation, Pennsylvania DOT
MICHAEL D. MEYER, Professor, School of Civil and Environmental Engineering, Georgia Institute of Technology
JEFFREY R. MORELAND, Executive Vice President-Law and Chief of Staff, Burlington Northern Santa Fe Corporation, Fort Worth, TX
SID MORRISON, Secretary of Transportation, Washington State DOT
JOHN P. POORMAN, Staff Director, Capital District Transportation Committee, Albany, NY
CATHERINE L. ROSS, Executive Director, Georgia Regional Transportation Agency
WAYNE SHACKELFORD, Senior Vice President, Gresham Smith & Partners, Alpharetta, GA
PAUL P. SKOUTELAS, CEO, Port Authority of Allegheny County, Pittsburgh, PA
MICHAEL S. TOWNES, Executive Director, Transportation District Commission of Hampton Roads, Hampton, VA
MARTIN WACHS, Director, Institute of Transportation Studies, University of California at Berkeley
MICHAEL W. WICKHAM, Chairman and CEO, Roadway Express, Inc., Akron, OH
JAMES A. WILDING, President and CEO, Metropolitan Washington Airports Authority
M. GORDON WOLMAN, Professor of Geography and Environmental Engineering, The Johns Hopkins University

MIKE ACOTT, President, National Asphalt Pavement Association (ex officio)
EDWARD A. BRIGHAM, Acting Deputy Administrator, Research and Special Programs Administration, U.S.DOT (ex officio)
BRUCE J. CARLTON, Acting Deputy Administrator, Maritime Administration, U.S.DOT (ex officio)
JULIE A. CIRILLO, Assistant Administrator and Chief Safety Officer, Federal Motor Carrier Safety Administration, U.S.DOT (ex officio)
SUSAN M. COUGHLIN, Director and COO, The American Trucking Associations Foundation, Inc. (ex officio)
ROBERT B. FLOWERS (Lt. Gen., U.S. Army), Chief of Engineers and Commander, U.S. Army Corps of Engineers (ex officio)
HAROLD K. FORSEN, Foreign Secretary, National Academy of Engineering (ex officio)
JANE F. GARVEY, Federal Aviation Administrator, U.S.DOT (ex officio)
EDWARD R. HAMBERGER, President and CEO, Association of American Railroads (ex officio)
JOHN C. HORSLEY, Executive Director, American Association of State Highway and Transportation Officials (ex officio)
S. MARK LINDSEY, Acting Deputy Administrator, Federal Railroad Administration, U.S.DOT (ex officio)
JAMES M. LOY (Adm., U.S. Coast Guard), Commandant, U.S. Coast Guard (ex officio)
WILLIAM W. MILLAR, President, American Public Transportation Association (ex officio)
MARGO T. OGE, Director, Office of Transportation and Air Quality, U.S. Environmental Protection Agency (ex officio)
VALENTIN J. RIVA, President and CEO, American Concrete Pavement Association (ex officio)
VINCENT F. SCHIMMOLLER, Deputy Executive Director, Federal Highway Administration, U.S.DOT (ex officio)
ASHISH K. SEN, Director, Bureau of Transportation Statistics, U.S.DOT (ex officio)
L. ROBERT SHELTON III, Executive Director, National Highway Traffic Safety Administration, U.S.DOT (ex officio)
MICHAEL R. THOMAS, Applications Division Director, Office of Earth Sciences Enterprise, National Aeronautics Space Administration (ex officio)
HIRAM J. WALKER, Acting Deputy Administrator, Federal Transit Administration, U.S.DOT (ex officio)

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM
Transportation Research Board Executive Committee Subcommittee for NCHRP

ROBERT E. SKINNER, JR., Transportation Research Board
MARTIN WACHS, Institute of Transportation Studies, University of California at 

Berkeley
THOMAS R. WARNE, Utah DOT

JOHN M. SAMUELS, Norfolk Southern Corporation, Norfolk, VA (Chair)
LESTER A. HOEL, University of Virginia
JOHN C. HORSLEY, American Association of State Highway and Transportation

Officials
VINCENT F. SCHIMMOLLER, Federal Highway Administration



T R A N S P O R T A T I O N  R E S E A R C H  B O A R D  —  N A T I O N A L  R E S E A R C H  C O U N C I L

NATIONAL ACADEMY PRESS
WASHINGTON, D.C.  —  2001

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

NCHRP  REPORT 449

Research Sponsored by the American Association of State Highway and Transportation Officials 
in Cooperation with the Federal Highway Administration

SUBJECT AREAS

Bridges, Other Structures, and Hydraulics and Hydrology • Materials and Construction

Elastomeric Bridge Bearings:
Recommended Test Methods

J. YURA, A. KUMAR, A. YAKUT, C. TOPKAYA, E. BECKER, AND J. COLLINGWOOD

University of Texas at Austin
Austin, TX



Published reports of the 

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

are available from:

Transportation Research Board
National Research Council
2101 Constitution Avenue, N.W.
Washington, D.C. 20418

and can be ordered through the Internet at:

http://www4.nationalacademies.org/trb/homepage.nsf

Printed in the United States of America

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
interest 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 recognition of these needs, the highway administrators of the
American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
program employing modern 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, United States
Department of Transportation.

The Transportation Research Board of the National Research
Council was requested by the Association to administer the research
program because of the Board’s recognized objectivity and
understanding of modern research practices. The Board is uniquely
suited for this purpose as it maintains 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 governmental agencies,
universities, and industry; its relationship to the National Research
Council is an insurance of objectivity; 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 and transportation
departments and by committees of AASHTO. Each year, specific
areas of research needs to be included in the program are proposed
to the National Research Council and the Board by the American
Association of State Highway and Transportation Officials.
Research projects to fulfill these needs are defined by the Board, and
qualified research agencies are selected from those that have
submitted proposals. Administration and surveillance of research
contracts are the responsibilities of the National Research Council
and the Transportation 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 concern to many responsible groups. The program,
however, is intended to complement rather than to substitute for or
duplicate other highway research programs.

Note: The Transportation Research Board, the National Research Council,
the Federal Highway Administration, the American Association of State
Highway and Transportation Officials, and the individual states participating in
the National Cooperative Highway Research Program do not endorse products
or manufacturers. Trade or manufacturers’ names appear herein solely
because they are considered essential to the object of this report.

NCHRP REPORT 449

Project D10-51 FY ’97

ISSN 0077-5614

ISBN 0-309-06667-0

Library of Congress Control Number 2001-131319

© 2001 Transportation Research Board

Price $34.00

NOTICE

The project that is the subject of this report was a part of the National Cooperative

Highway Research Program conducted by the Transportation Research Board with the

approval of the Governing Board of the National Research Council. Such approval

reflects the Governing Board’s judgment that the program concerned is of national

importance and appropriate with respect to both the purposes and resources of the

National Research Council.

The members of the technical committee selected to monitor this project and to review

this report were chosen for recognized scholarly competence and with due

consideration for the balance of disciplines appropriate to the project. The opinions and

conclusions expressed or implied are those of the research agency that performed the

research, and, while they have been accepted as appropriate by the technical committee,

they are not necessarily those of the Transportation Research Board, the National

Research Council, the American Association of State Highway and Transportation

Officials, or the Federal Highway Administration, U.S. Department of Transportation.

Each report is reviewed and accepted for publication by the technical committee

according to procedures established and monitored by the Transportation Research

Board Executive Committee and the Governing Board of the National Research

Council.



FOREWORD
By Staff

Transportation Research
Board

This report contains the findings of a study undertaken to develop performance-
related specifications for elastomeric bridge bearings. The report includes recom-
mended specifications and three new test methods for evaluating essential properties of
elastomeric bearings. The material in this report will be of immediate interest to bridge
designers and materials engineers.

Elastomeric bridge bearings have generally performed satisfactorily under current
AASHTO and state DOT materials-test methods and requirements. Nevertheless, there
has been concern that bearings are being unnecessarily rejected because of noncom-
pliance with testing requirements that may not be essential or appropriate. Although
specifications exist for the materials, design, and construction of elastomeric bearings,
little information has been available on the relationship between test results and field
performance. Additionally, some current materials-test requirements are thought to be
inappropriate for bearing applications. If tests that are accurate and essential predictors
of field performance can be employed, testing requirements and elastomeric bearing
costs can be reduced.

Under NCHRP Project 10-51, the University of Texas at Austin addressed these
concerns. Through laboratory testing and mathematical analysis, 8 of the 15 existing
required tests were demonstrated to be unnecessary. Three new tests were developed
to replace existing tests for creep, shear modulus, and compressive strain. This report
provides full details of the research methods and the new test methods and presents rec-
ommended specifications for the acceptance testing of elastomeric bearings.
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Plain and steel-laminated elastomeric bearings have had an exemplary performance
record over the past 40 years. Recently, increased testing requirements have been
imposed that now make the testing of the elastomeric bearings one of the major costs
of the supports. Currently, 15 different tests are required for elastomeric bearings. It is
not clear whether all these tests are necessary or, in fact, are even related to the actual
performance of an elastomeric bridge bearing. Historically, many of the tests have been
used for much smaller products that are loaded mainly in tension. A bridge bearing is
loaded mainly in shear; therefore, research was undertaken to evaluate the various tests
and to determine whether or not they were important or even related to the performance
of the bridge bearing. A secondary purpose was to develop new test methods that would
be more cost-effective.

As a result of the research, eight different test methods were found to have little effect
on the bearing behavior. Past research and some additional crack growth studies exam-
ining the fatigue behavior of elastomeric bearings reported herein determined that the
ozone test was unnecessary and so the test could be eliminated. The ozone test caused
some manufacturers to add antiozanant waxes that bloom to the bearing surface to pro-
vide protection. The viscous layer of wax is responsible for a significant number of seri-
ous slipping problems: in some cases, the bearings “walked out” of the support area. It
is expected that waxes will no longer be added, thus improving the slip resistance. Accel-
erated aging tests (heat resistance) were examined because bearings taken out of service
were found to perform very well with very little deterioration in their characteristics.
Accelerated aging tests were conducted at two different elevated temperatures on sam-
ples loaded in shear—not tension, as required by the standard tests. This was done
because the elastomeric bridge bearing is loaded mainly in shear. The research showed
that the sample size was very important in establishing the significance of aging. Cur-
rent test methods use very thin specimens and the results generally show significant
changes because of aging. However, when even a relatively small bearing was tested in
shear in this program, it was found that it would take hundreds of years of service to
change the bearing stiffness by 10 percent. It was established that the aging tests are
unnecessary for elastomeric bridge bearing. The compression set test, which is remotely
related to creep, was replaced by a stress relaxation test that could be directly related to

SUMMARY
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creep deformation. Finite element analysis was used to determine the stress state at the
bond line between the elastomer and the steel laminate. All along the bond line, the stress
was compressive, which is opposite to the tension present in the peel test that purports
to measure bond stress. A new bond test was developed that more closely represents the
actual stress state. A full-scale bearing shear test at low temperature had performance
limits that were unrealistic and was causing conflicts with other low temperature require-
ments as shown in the low temperature phase of the research program; therefore, this
test was removed in the draft test document that was prepared.

Shear modulus is the most important physical property of the elastomer in bridge bear-
ings. Currently, two tests are used to establish the shear modulus in the AASHTO spec-
ifications; these are known as the quad shear test and the full-scale shear test. The quad
shear test requires destruction of a bearing in order to fabricate a small specimen cut from
the full-size bearing. An alternative setup, which enables the full-size bearing to be tested,
requires a test setup that is generally too costly for many DOTs. A new test, called the
inclined compression test, was developed. This test only uses a compression test machine.
The test results from the new test compared favorably with values of the shear modulus
from more traditional testing methods. Both full-size bearings and samples cut from bear-
ings were equally acceptable, and adjustment factors were developed to correlate very
small samples with the full-size results. The advantage of the inclined compression test
is that it can also function for several of the other tests currently required. For example,
the inclined compression test can also be used to check the shear bond by merely taking
the test to higher shear strains beyond service load. Similarly, a short-term compression
test at 1.5 times the service load currently required for one out of every five bearings to
check for shim misalignment could also use the inclined compression test.

A phase of this project was devoted to the performance of elastomeric bearings under
cold temperatures. The current test methods tend to indicate that bearings fabricated in
the past would fail the recently established test requirements, even though there are no
reported instances of poor performance in low temperature regions. A performance-
based procedure was developed in which the behavioral history of various bearings was
established on the assumption that these bearings with measured material properties had
been installed about 50 years ago in four different cites. It was determined that the bear-
ings would, in fact, behave satisfactorily, even though the bearings in many instances
fail the current test procedures. This indicates that the current performance requirements
related to cold temperature testing are not satisfactory. A procedure was developed to
determine the performance requirements at any location. In order to implement the
results in design, a low temperature design criteria map will have to be developed using
the procedure developed and illustrated in this report.

Steel-laminated elastomeric bearings are sometimes rejected at the manufacturing
stage because of failure to comply with fabrication tolerances in the AASHTO specifi-
cations. Bearings may be rejected that, in fact, would show excellent performance in ser-
vice. Therefore, a theoretical study was undertaken in which the locations of the shims
in a steel-laminated bearing were varied to determine their effect on various internal
stresses and deformations in the bearing. It was established that current tolerances are
very conservative and some flexibility in the tolerances is warranted. A formula was
developed related to the various types of shim misalignment, which would not alter the
eight different performance standards by more than 10 percent.

This research has recommended that eight different elastomeric bearing tests be elim-
inated. Their elimination should not reduce the quality or performance of elastomeric
bearings. There will be a significant reduction in testing costs if the recommendations
contained herein are adopted.
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BACKGROUND

Elastomeric bridge bearings, which have been used since
1950, have had remarkably good performance records. A re-
cent survey (Chen and Yura, 1995) of all state DOTs estab-
lished only a few instances of poor performance. Some pad
deterioration, resulting from large shear strains on plain pads,
was generally dismissed as poor initial design and not the
result of problems with the elastomer material or fabrication
of the bearing. There were no reported problems related to
fatigue or low temperature behavior. The most common per-
formance problem was slip when the pad was not directly
connected to the pier using sole plates or other mechanical
devices. Repeated slip that has resulted in the “walking out”
of the bearing has been traced to excessive paraffin wax in the
rubber that has been added for ozone protection (Muscarella
and Yura, 1995; McDonald, 1999).

Although performance problems are rare, more frequently,
bearings are rejected at the manufacturing stage because of
failure to meet specified material test criteria and geometric tol-
erances. A summary of the test requirements from AASHTO
M251-97, Standard Specification for Plain and Laminated
Elastomeric Bridge Bearings, is given in Figure 1. There are
two levels of testing, depending on the magnitude of the com-
pressive stress. Most of these material tests were developed for
rubber products that are very different from bulky bridge bear-
ings. The tensile strength test and the percent elongation at
break are considered quality control tests, even though there is
very little tension within the main body of the bearing because
bearings are primarily subjected to compression and shear.
The main physical property that controls the behavior under
this combination of stress is the shear modulus, the slope of the
stress-strain curve of an elastomer subjected to shear. Cur-
rently, a shear modulus test is only required if a bearing is sub-
jected to high compressive stresses or if bearings have been
ordered for a specific modulus. All bearings are required to
have a hardness (durometer) test. Prior to 1985, bearings were
specified by durometer, which is a surface hardness measure-
ment. There is a very crude relationship between rubber hard-
ness and shear modulus. Both the AASHTO LRFD Bridge
Design Specifications and the AASHTO 1998 Interim Bridge
Design Specifications require that bearings specified by hard-
ness fall within a certain range of shear moduli, and vice versa.
The duality in the material requirements can cause rejection of
a bearing that will otherwise perform satisfactorily.

Since the adoption of the AASHTO Standard Specification
for Highway Bridges (AASHTO, 1992), bearings have been
specified by a grade that is related to the 50-year low tem-
perature. Two new low temperature tests were introduced—
crystallization and instantaneous stiffening—both of which
require new equipment and test setups. One of these tests can
require 1 month to perform, which can cause construction
delays and result in a significant testing cost. AASHTO
M251-97 requires that Level II testing also include all Level
I test requirements. The Level II test for crystallization is a
shear test, which has very different test methods than the
Level I shear test. It would be very difficult to satisfy both cri-
teria. Recently, a multimillion-dollar claim was filed because
bearings were not delivered on time, thereby causing con-
struction delays. Numerous bearings had been rejected that
had satisfied Level II but not Level I criteria. In the AASHTO
LRFD Bridge Construction Specifications, only the Level II
test is specified. The AASHTO M251-92 materials testing
specification had, for many years, used the Level I test. That
there are two AASHTO documents that define elastomeric
bearing test methods (i.e., the AASHTO Bridge Construction
Specifications and the AASHTO Materials and Testing Spec-
ifications) causes confusion and, in the case cited, significant
costs. This situation needs to be rectified.

The overall external dimensions of a bearing are relatively
easy to control, but failure to satisfy the fabrication tolerances
shown in Figure 1 related to the position of the internal steel
laminates is one of the most frequent reasons for bearing rejec-
tion. There is strong suspicion that small variations beyond the
stated tolerances have no significant effect on bearing perfor-
mance. However, there has been no documented study to eval-
uate these tolerances. Such a study could significantly reduce
bearing rejection.

Over the past decade, significant changes have occurred in
the AASHTO design, construction, and materials specifica-
tions related to elastomeric bridge bearings, even though there
have been few reported performance problems. These changes
have generally reduced the design compressive stress for many
typical bearings, tightened fabrication tolerances on the place-
ment of the steel laminates, and required more testing. For
example, a typical 50 durometer bearing design with two steel
laminates, three equal elastomer layers 12 mm (0.5 in.) thick,
and a shape factor of 6 could support 5.5 MPa (800 psi) based
on the AASHTO Standard Specifications for Highway Bridges,

CHAPTER 1
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11th Edition (AASHTO, 1973). The 16th Edition of this speci-
fication (AASHTO, 1996) reduced this design stress by 46 per-
cent, or 11 percent if the bearing is subjected to more rigorous
testing. In order to qualify for the higher stress level that is still
lower than that of the 11th Edition of this AASHTO specifica-
tion, two additional tests would have to be performed: a shear
modulus test and a 15-hr compression test. It is not clear that
the additional testing is cost-effective or that it significantly
affects bearing performance.

OBJECTIVE AND SCOPE

There is concern that bearings are being unnecessarily
rejected because of noncompliance with testing requirements
and fabrication tolerances that may not be essential or appro-
priate. In other words, despite failing current requirements,
such bearings would have performed adequately for their
intended purpose and design life if placed into service. There-
fore, the objectives of this research are to (1) evaluate current
test procedures and fabrication tolerances with respect to their
effect on the performance of full-size bearings; (2) develop
new cost-effective test methods, where appropriate, along
with performance criteria that reflect actual behavior; (3) re-
organize the various AASHTO documents that relate to elas-

tomeric bearing materials and fabrication; and (4) eliminate
incompatibilities and unnecessary redundancy of provisions.
The research will concentrate on the performance of full-size
bearings that generally meet the AASHTO bridge design cri-
teria. The research will not be directed toward bearing design
requirements and methods. Flat (no taper) plain and flat steel-
laminated elastomeric bearings are considered. The research
was limited to polychloroprene (neoprene) and polyisoprene
(natural rubber) as currently permitted for bridge bearings
designed in accordance with AASHTO specifications. Bear-
ings with fabric laminates were not tested.

OVERVIEW OF CURRENT 
AASHTO TEST METHODS

In this section, the various AASHTO test requirements for
elastomeric bearings will be critiqued (except for tensile
strength and elongation at break because these are considered
normal quality control tests). Because an elastomeric bearing
is a relatively bulky product compared with most other rub-
ber products, the applicability of some of the tests to bridge
bearings is questionable. Many of the tests have different
procedures and failure criteria for neoprene and for natural
rubber, which appear illogical. It is well recognized that the

Level I  Tests
All bearings

Full-size bearing

Compressive strain @ max design load
Compressive load (1.5 x design load)

Elastomer Properties
ASTM Test

Hardness D2240
Tensile strength D412
% elongation D412
Heat resistance(aging) D573
Compression set D395
Low temp. brittleness D746 (B)
Ozone resistance D1149
Bond strength D429 (B)

Low Temperature

Shear test

Level II Tests
Steel laminated bearings with σc>6900kPa

Full-size bearing

Shear modulus (alternative to D4014)
15-hr compression test

Elastomer Properties
ASTM Test

Shear modulus D4014-Annex A1

Low Temperature

Crystallization D4014-modified
Instantaneous stiffening D1043

Selected Fabrication Tolerances

Thickness of individual layers of elastomer
(laminated bearings only)
at any point within the bearing

Edge cover of embedded laminates

± 20 percent of design value
but no more than ± 3 mm

-0, +3 mm

Figure 1. AASHTO M251-97 testing requirements and selected fabrication
tolerances.



shear modulus is the most important physical property of the
elastomer that affects bearing performance.

Hardness

Durometer hardness had been used as the specified elas-
tomer material property in bridge bearings up until 1985. The
specified hardness was required to be in the range of 50 to 70
(60 to 70 before 1973) with a tolerance of ±5. Other specified
elastomer material requirements are independent of hardness
except for elongation at break. The AASHTO Standard Speci-
fication for Highway Bridges, Interim Revisions (AASHTO,
1985) follows the recommendations given in NCHRP Report
248 (Stanton and Roeder, 1982) and NCHRP Report 298
(Roeder and Stanton, 1987). It was strongly suggested that
bearings be specified by shear modulus because hardness is a
surface measurement that only crudely represents the stress-
strain relationship in shear. The interim revisions to the
AASHTO standard specification (AASHTO, 1985), based on
the research presented in NCHRP Reports 248 and 298, pre-
sents a range of shear modulus values corresponding to spe-
cific hardnesses of 50, 60, and 70 to be used when bearings
are ordered by hardness rather than shear modulus. In such
cases, the shear modulus, as determined by the test methods in
AASHTO M251-97, must fall within the specified ranges or
the lot is rejected.

Bearings with steel laminates currently are limited to hard-
ness in the range of 50 to 60, even though much of the prior
performance history included 70 durometer. The international
railway specification (UIC Code 772, 1973) permits the use
of natural rubber in the hardness range of 50 to 70. A bearing
satisfying a specified shear modulus can still be rejected if the
hardness is outside the 50 to 60 range. Shear modulus is the
more important property for bearing design, and, while it is
related to hardness, it may vary significantly among com-
pounds of the same hardness.

Shear Modulus

In AASHTO M251-97, there are two test setups for deter-
mining the shear modulus: (1) a nondestructive test on a pair
of full-size bearings sandwiched between three platens and
(2) the ASTM D4014-89 quad shear test on small rubber
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samples cut from a bearing and cold-bonded to rigid plates.
These are shown in Figure 2.

In the typical full-scale shear test setup, a compressive
force is applied to the assemblage and is held constant dur-
ing the test. A horizontal shear deformation is applied to the
middle platen to simulate bridge movement resulting from
temperature changes. The shear deformation can be applied
in one or two directions.

In the quad shear test, the test piece is strained in a tension
machine to an average 50-percent strain in each rubber block.
Shear modulus values are calculated on the basis of the stress
at 25-percent strain. In this test, the elastomer is strained in only
one direction. In the cold temperature test procedure, the
ASTM D4014-89 test method is specified, except that speci-
mens are subjected to a cyclic strain of ±25 percent, a two-way
test. Unfortunately, the quad shear specimen is potentially
unstable when compression is applied, so the setup will become
complex. In one laboratory that routinely conducts cold tem-
perature tests, only a one-way tension test was performed—
this does not satisfy the stated test requirement. The full-scale
shear test setup shown in Figure 2 is the most realistic because
bearings with and without sole plates can be tested, but it is
also the most costly. A more cost-effective means of deter-
mining shear modulus in a finished bearing is needed.

Elastomers exhibit a nonlinear response under shear (as
shown in Figure 3), so the value of the shear modulus changes
with its definition. The bearing response shown was deter-
mined with the full-scale shear test setup after the specimen
had been strained to the specified maximum strain a number
of times to minimize stress softening, often called the Mullins
effect (Mullins, 1987). Shear modulus is determined as the
slope of a line between two points on the stress (load /area)-
strain (displacement /total elastomer thickness) curve. Table 1
shows the relative values of shear modulus based on the var-
ious definitions that appear in the literature compared with the
modulus from line d-e (secant modulus at 50-percent strain).
The 50-percent secant modulus definition gives the correct
value of the maximum shear force when the bearing is strained
to the maximum design level, which is an important perfor-
mance (design) limit. The ASTM quad shear definition at
0.25-percent strain gives a value that is 11-percent high,
whereas the value based on the cold temperature test definition
(line a-c) is 21-percent low. There is a 7-percent difference
between the measured shear modulus based on maximum

(b)(a)

(a) Full-Scale Shear Test  (b) ASTM D-4014 Quad Shear Test

Figure 2. Shear modulus test setups.



strain for either one-way or two-way behavior. Defining the
shear modulus based on the flat portions of the stress-strain
curve for either loading or unloading gives a lower shear mod-
ulus and unconservative estimates of the maximum anticipated
shear force.

Throughout this report, the shear modulus reported will be
based on the slope of a straight line drawn between the origin
and the measured shear stress at the maximum specified shear
strain for a one-way test, otherwise known as the secant shear
modulus. For a two-way test, a secant line drawn between the
positive and negative maximum specified strain will be used in
calculations. All shear moduli will be based on the 50-percent
secant definition unless otherwise stated because this definition
will be recommended as the standard.

Heat Resistance

Aging of elastomers involves a progressive change in their
physical and chemical properties, usually marked by deteri-
oration. Factors that contribute to the deterioration of elas-
tomers include ozone, heat, oxygen, sunlight, and humidity.
However, in actual practice, the effects of heat and oxygen
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can hardly be separated. For this reason, the tests designed to
determine heat resistance are normally carried out in air.
Consequently, the property changes are caused by a combi-
nation of heat and oxygen. The long-term effects bring about
major changes in the elastomeric material and are permanent.
Such changes are caused by chemical reactions, normally
leading to progressive increase or decrease in hardness and
modulus with loss in tensile strength, elongation, and elastic
properties.

Heat aging tests are carried out for the following purposes:
to measure changes in the rubber vulcanite at the elevated
service temperature (usually 70°C); as an accelerated test to
estimate natural aging at normal ambient temperature; and as
a quality control test. ASTM D573 is the test method that
AASHTO uses for determining heat resistance or accelerated
aging. This test determines the influence of elevated temper-
ature on the physical properties (e.g., hardness, elongation at
break, and tensile strength) of a small sample of vulcanized
rubber. Small specimens of vulcanized rubber are exposed to
the deteriorating influence of air at specified temperatures for
known periods, after which the physical properties of the
specimens are determined. The properties from the exposed
specimens are compared with those of unaged specimens, and
the changes must be less than the specified limits. AASHTO
limits are greater than the ones required by Eurocode, British,
and Australian codes. The test requirements and tolerances
are different for natural rubber and neoprene.

Accelerated aging tests are best used only as a basis for
comparison, because there is no known way of relating the
test conditions to actual service life. Also, no correlation exists
between accelerated aging and normal aging (Nagdi, 1993;
Long, 1974). Because of the bulk and sheltered location of
bearings, aging in practice is very slow, and readings after 
5 years indicate very little change (Long, 1974). It is ques-
tionable that this test method gives any indication of the per-
formance of the bearing. Given that the correlation between
the test and the real situation is not known, it seems that the test
is just a quality control test, not a performance test. It is also
believed that there should be no distinction in test parameters
and tolerances between neoprene and natural rubber because
any bridge bearing must provide a certain performance during
its service life. In this context, the necessity and validity of the
heat resistance test for the aging of bridge bearings need to be
investigated. A few studies (discussed later) have shown that
the physical properties of bearings taken out of service after
many years show little change.

Ozone Resistance

The aging resistance of natural rubber is not as good as
neoprene but degradation resulting from heat, ozone, and
oxygen attack can be prevented by the incorporation of
protective compounds. Waxes are used in rubber to protect
against oxygen and ozone attack. They bloom to the rubber
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elastomer under shear.
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surface to create a physical barrier protecting the product from
oxygen and ozone attack. Blooming of the wax to the exposed
surface continues until the level of wax remaining is com-
pletely soluble in the rubber compound. As discussed earlier,
a disadvantage of the blooming process is that bearing slip
resistance can be reduced. Chemical antidegradants are also
available to improve the resistance of rubber to environmen-
tal attack. Neoprene is highly resistant to oxidative aging and
flex cracking and is almost completely ozone-resistant. In
unstretched rubber, ozone degradation is confined to a thin
surface layer, typically 0.5-microns thick, creating frosting, a
white bloom-like appearance of the rubber (Lewis, 1986).
Ozone attack is less apparent in unstretched rubber, because
frosting is restricted to very slow uniform erosion of the
surface with no visible cracks.

Rubber under tensile strain is susceptible to ozone crack-
ing, a phenomenon that is much more serious and visible
than frosting. Ozone cracks develop at right angles to the
tensile strain. Ozone cracks are not simply unsightly, they
degrade rubber tensile strength and may initiate fatigue growth
that ultimately can lead to failure of the rubber product (Gent,
1992). Because cracks will only occur in regions where ten-
sile stresses are induced, they are unable to penetrate very
far into objects under compression where tensile forces only
occur at the surface of the product. In objects mainly under
compression or shear, growth ceases close to the surface
because the cracks quickly encounter compressive rather
than tensile stresses. Most researchers seem to agree that
crack growth increases at higher strains (Gent, 1992; Lewis,
1986; Mathew, 1991).

All sources that evaluated the ozone test agreed that the
ozone tests required by AASHTO are overly stringent for
large, bulky rubber products, specifically bearing pads. Five
research studies (Braden and Gent, 1960; Lake, 1970;
Lewis, 1986; Roberts, 1988; Stevenson, 1985) contend that
ozone damage is a serious concern in thin-walled products,
but not in those rubber products with a large volume of rub-
ber and relatively small surface area. In addition to finding
that ozone degradation does not significantly affect the per-
formance of a bulky product, the researchers cited above also
contend that the ozone tests required by AASHTO cannot cor-
rectly evaluate an elastomer for use in a bearing pad. The
ASTM ozone test does not accurately model the elastomer
response to ozone attack in bearings because the test uses
thin rubber test specimens in tension to evaluate bulky
products in compression and shear, using elevated test
temperatures and high ozone concentrations. Stevenson
states that “accelerated tests exposing thin rubber sheets to
elevated temperatures can give a misleadingly pessimistic
view of longevity of rubber pads for civil engineering appli-
cations” (Stevenson, 1985). The researchers agree that
ozone attack is much slower and less damaging than indi-
cated by tensile tests. They also found that the performance
of a bulky product like a bridge bearing is not affected by
ozone attack.
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However, the researchers did not study the problem of the
exterior elastomer cover falling outside typical bearing pad
specifications and lacking adequate thickness. If the bearing
has a thin exterior layer, the stresses could be much larger. The
failure mechanism could be an ozone crack exposing the steel
shim and causing corrosion. Also the fatigue behavior of the
bearings must be analyzed before coming to a firm conclusion.
After performing analytical studies of the fatigue behavior, the
effect of ozone on the bearings can be better understood. The
results of additional research on crack growth may result
in a modified ozone test procedure or even elimination of
the test.

Low Temperature Behavior

When elastomers are exposed to low temperature, various
types of stiffening take place. As an elastomer is cooled it
becomes stiffer (instantaneous stiffening) and at very low
temperatures becomes glass-like and brittle (glass transition
temperature). Under static loading, the glass transition tem-
perature is about −65°C and −45°C for natural rubber and
neoprene, respectively (Long, 1974). If an elastomer is cooled
to a moderately low temperature and held there for a period,
it undergoes a phase change, a molecular realignment, and it
becomes much stiffer. This change, called crystallization, is
evident only after prolonged exposures. It may require days,
weeks, or even months, depending on the exposure tempera-
ture and the composition of the elastomeric material. For each
elastomer, there is a characteristic temperature at which crys-
tallization takes place most rapidly. For unstrained elastomers,
this temperature is near −10°C for neoprene and −25°C for nat-
ural rubber. Crystallization is slower above and below these
temperatures. Application of stress usually increases the crys-
tallization rate. Low temperature crystallization is not a prob-
lem if the elastomeric component is subject to frequent move-
ments because heat generated during these movements will
melt the crystals (Long, 1974). The low temperature stiffening
effects are reversible; stiffening disappears when the elastomer
warms up.

AASHTO M251-97 has four test procedures for the deter-
mination of low temperature properties of elastomeric bridge
bearings—brittleness, instantaneous thermal stiffening, crys-
tallization, and a shear test. These methods are employed to
ensure that an elastomeric bearing would be satisfactory
under a certain low temperature exposure during its service
life. The temperature and exposure requirements for the
AASHTO tests vary depending on the elastomer grade sum-
marized in Table 2, based on the 50-year low temperature
record. The required grade is based on the more severe of the
two parameters, the lowest recorded temperature or the max-
imum number of consecutive days when the maximum tem-
perature is below freezing (0°C). A brief description of these
test methods is given below.



Brittleness

The elastomeric bearing compounds are required to pass
the ASTM D746-95, Procedure B, test to qualify for use at
very low temperatures. No test is required for Grades 0 and
2 elastomers. Tests are required for Grades 3, 4, and 5 at
temperatures of −40°C (−40°F), −48°C (−54°F), and −
57°C (−71°F), respectively. The ASTM D746-95 test
method basically addresses the determination of the temper-
ature at which plastics and elastomers exhibit brittle failure
under specified effect conditions. Five specimens are
immersed in a bath where they are cooled by dry ice and liq-
uid nitrogen. The specimens are held as cantilever beams.
After being struck at a specified linear speed, the specimens
are removed and examined. All specimens must pass the test.
Failure is defined as the division of the specimen into two or
more completely separated pieces or the formation of any
crack in the specimen, which is visible to the unaided eye.
Prior to 1992, all bearings had to pass ASTM D746-95 at −
40°C (−40°F) as a quality control measure.

Instantaneous Thermal Stiffening

ASTM D1043-92 is employed to evaluate the amount of
instantaneous stiffening at specified temperatures. Grades 0
and 2 bearings are tested at −32°C (−26°F). The test tempera-
tures are specified to be −40°C (−40°F), −46°C (−51°F), and
−54°C (−65°F) for Grades 3, 4, and 5, respectively. The elas-
tomer compounds pass the test if the increase in stiffness is not
more than 4 times the room temperature stiffness. This test
method was developed to determine the stiffness characteris-
tics of plastics by direct measurement of the shear modulus.
The modulus value is obtained by measuring the angle of twist
occurring when the specimen is subjected to an applied torque.
Rectangular test specimens 63.5 mm by 6.35 mm (2.5 in. by
0.25 in.), having a thickness of 1 to 3 mm (0.04 to 0.12 in.) are
cut from the bearing. The test specimen is mounted in the test
apparatus that is capable of applying a torque sufficient to
twist a test specimen through an angle between 5 deg and 100
deg. The specimen is conditioned at the specified test tem-
perature for 3 min, +15 sec −0 sec, the torque is applied, and
the angle of twist is noted. In ASTM D1043-92 the shear
modulus is calculated as follows:

G
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where

G is the shear modulus in Pa (or psi),
T is the applied torque in N-m (or lbf-in.),
L is the specimen length in mm (or in.),
a and b are the larger and smaller cross-sectional dimen-
sions, respectively, in mm (or in.),
φ is the angle of twist in degrees, and
u is a constant that depends on the ratio of a to b.

The ratio of the two measured T/φvalues, one at the speci-
fied low temperature, and one at room temperature, must be
less than 4. Equation 1 is the same as the classic torsion equa-
tion, T = GJφ/L, where J is the torsion constant for a rectan-
gular cross section. Equation 1 assumes that there is a propor-
tional relationship between T and φ; this is not true for rubber,
so the applicability of this method is questionable.

Low Temperature Crystallization

A test method was developed by Roeder et al. in NCHRP
Report 325 (Roeder et al., 1989) to evaluate the stiffness of
an elastomeric bearing at a certain temperature for a speci-
fied period. AASHTO M251-97 requires no test for Grade 0
bearings, but Grades 2, 3, 4, and 5 bearings are required to be
tested after being subjected to exposures of 7 days at −18°C
(0°F), 14 days at −26°C (−15°F), 21 days at −37°C (−35°F),
and 28 days at −37°C (−35°F), respectively. The stiffness is
specified to be less than 4 times the room temperature stiffness.
The room temperature stiffness is determined by the quad
shear test of ASTM D4014-89, Annex A. The specimen is sub-
jected to six load cycles at 50-percent shear strain with each
cycle applied in 30 to 60 sec. The shear modulus is calculated
from the force-deflection curve at the sixth cycle using the data
at 25-percent strain. The shear modulus test procedure at low
temperatures is different from the one at room temperature.
The stiffness is measured with a quad shear test rig in an
enclosed freezer; however, the specimen is subjected to a ±25-
percent strain cycle with a complete cycle of strain applied
within a period of 100 sec. The first 0.75 cycle of strain is dis-
carded and the stiffness is determined from the slope of the
force-deflection curve for the next 0.5 cycle of loading as
shown by line a-c in Figure 3.

The test procedure described in Annex A of ASTM
D4014-89 is a one-way test developed for room temperature
stiffness measurements, whereas the AASHTO low tempera-
ture crystallization test specifies a two-way test. This can lead

Elastomer grade 0 2 3 4 5 
50 year low temperature (˚C (˚F))  -18(0) -29(-20) -34(-30) -43(-45) all others 

Maximum number of consecutive days 
that the high daily temperature is 
below 0˚C (32˚F) 

3 7 14 N/A N/A 

TABLE 2 AASHTO low temperature elastomer grades



to confusion for personnel conducting the test. The testing
facility that conducted the certification tests of the bearings
ordered for this research was visited to find out how the test
was carried out. The researchers observed that the cold tem-
perature tests were done in one direction only (one-way test).

Shear Test

The Level I shear test, described in AASHTO M251-97,
requires that at least two pads per lot be tested. The bearing is
conditioned at −29°C (−20°F) for 96 hr. The conditioned bear-
ing is tested in open air with a compressive stress of 3.45 MPa
(500 psi) applied. The bearing is then sheared to 25-percent
maximum shear strain and held at this strain for 15 min. After
this period, the shear stress is measured. The test is required to
be completed within 30 min after the specimen is removed
from the cold environment. For a bearing constructed with
50 durometer elastomer, the measured stress at 25-percent
strain must be less than 0.35 MPa (50 psi) for neoprene and
0.21 MPa (30 psi) for natural rubber. These stress levels give
maximum permissible low temperature secant shear moduli
of 1.38 MPa (200 psi) and 0.83 MPa (120 psi) for neoprene
and natural rubber, respectively. This test does not appear to
have a rational performance criterion because G at room tem-
perature can be greater than 0.83 MPa (120 psi) and there
are no requirements for bearings with a durometer hardness
greater than 50.

Creep and Compression Set

Creep and compression set are methods of evaluating the
long-term effects of an applied stress or strain. Creep is the
measurement of the increase of strain with time under con-
stant force while compression set is the measurement of
recovery after the removal of an applied stress or strain. In a
creep test, a constant force is applied to the rubber and the
change in deformation with time, is monitored. Detailed pro-
cedures were not standardized internationally until ISO 8013
was published (ISO 8013, 1988) and there is still no general
ASTM method. AASHTO has no creep test, even though
AASHTO specifications require an evaluation of long-term
deflection. When test data are not available (the usual case),
the AASHTO bridge design specifications estimate the creep
deflection as 25 percent, 35 percent, and 45 percent for an
elastomer hardness of 50, 60, and 70, respectively. Further
discussion of creep test methods is given in Chapter 2.

Compression set, rather than creep, is generally given more
attention. This is partly because of the relatively simple appa-
ratus required and because it appears that set is the important
parameter when judging sealing efficiency. Set correlates
with relaxation only generally and it is actually the force
exerted by a seal that usually matters, rather than the amount
it would recover if released. The test piece is more or less
instantly compressed and held at that compression for a fixed
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length of time. The test piece is released and its recovered
height measured. Set is normally expressed as a percentage of
the applied deformation but can be expressed as a percentage
of the original thickness. The measurement of set is an effec-
tive quality control test: it is a relatively simple test and the
results are sensitive to state of cure. However, the usual short-
term set measurements do not correlate well with long-term
performance. A direct practical test for creep is needed.

RESEARCH APPROACH

Elastomeric bearings placed between the bridge girders
and their supports have two main functions: support the grav-
ity loads (dead load and live loads) and accommodate the
changes in the length of the bridge resulting from temperature
variations and rotations caused by bending. Bearing perfor-
mance is affected by the following parameters: stiffnesses
(i.e., compressive, rotational, and shear), slip, rubber-to-metal
reinforcement bond strength, fatigue of the elastomer, creep
and stress relaxation, aging, steel reinforcement stresses, and
elastomer stresses and strains. Many of these parameters are
controlled by the characteristics of the stress-strain curve of
the elastomer represented by the shear modulus, so it is
important to have an accurate measure of shear modulus in the
finished bearing. Some other parameters cannot be checked
directly by simple laboratory tests. For example, the stresses
in the steel laminates cannot be measured because they are not
accessible. Indirectly, a reduction in the compressive stiffness
can be associated with yielding in the steel or failure of the
bond at the elastomer-steel interface. In a possible perfor-
mance test, a bearing could be loaded to, for example, 2 times
the design load and the stress-strain relationship established.
If there is no decrease in stiffness, then indirectly, the re-
inforcement stresses and the bond have been checked. Geo-
metric factors affect the maximum shear strain, tensile stress,
and compressive stiffness. The effect of steel shim mis-
alignments on the state of stress within the bearing cannot be
directly measured, but finite element analysis can be used to
establish their probable effect on performance. Therefore, to
meet the project objectives, an experimental and analytical
research plan was developed to determine how the outcome
of material tests and fabrication tolerances relate to the perfor-
mance of full-size elastomeric bearings. For steel-laminated
bearings, the same bearing geometry was used in both the
experimental and analytical phases to better coordinate the
performance evaluation.

Experimental Phase

The experimental phase (discussed in Chapter 2) focused on
the following critical bearing parameters: shear modulus, low
temperature performance, creep, and aging. A new test method
for shear modulus was developed in which only a compression
test machine is required to apply compression and shear forces



simultaneously to a pair of bearings. This test method could
be a more cost-effective replacement for ASTM D4014-89,
Annex A1. Parameters, such as testing speed, test setup details,
and size of specimens, were evaluated in order to develop a
method suitable for a testing specification. Experiments were
also conducted to compare the results from the new method
with those from other shear modulus test methods.

The low temperature phase was designed to evaluate all
the test methods listed in Figure 1 except brittleness, which
is considered a quality control test. The Level I shear test and
the instantaneous thermal stiffening test (ASTM D1043-92)
were evaluated with respect to their ability to accurately mea-
sure the respective parameters. The first part of the low tem-
perature research focused on heat transfer within the bearing
itself in order to establish reliable test techniques, such as the
conditioning time required for a bearing to reach a specified
temperature. The results have a direct effect on the evalua-
tion of the Level I shear test, which is conducted in the open
air outside of the freezer with readings taken between 15 and
30 min after the bearings are removed from the freezer. Crys-
tallization stiffening was studied first by determining if crys-
tallization could occur in actual practice. Previous research
suggested that the cyclic nature of bridge loads, many cycles
of compressive live load from trucks and daily fluctuations
of shear strain because of daily temperature changes retard
crystallization. Most of the low temperature research in
Chapter 2 is related to low temperature performance criteria
that required the development of methodology to evaluate
the site-specific temperature history and its effect on bearing
performance. After performing some tests to determine the
actual cold temperature properties of four bearing materials
certified as Grade 3, virtual experiments were conducted to
establish their performance over a 50-year period in four
selected cities. This work was used to develop performance-
based criteria for establishing cold temperature test require-
ments and evaluate the existing criteria (low temperature 
G ≤ 4 × room temperature G) at specified temperatures and
conditioning times.

The compression set test ASTM D395-89 cannot be related
to long-term creep behavior, so a new 6-hr test was developed
to determine the long-term shear modulus, which the research
team hoped was directly related to the long-term compressive
and shear deflection. Full-size bearings were tested to obtain
creep data that were used in evaluating the new test. The new
test method would be expected to replace the compression set
test. The same test setup and test specimens were evaluated for

10

determining the shear-bond performance and as a replacement
for the bond (peel) test, ASTM D429-82.

The heat resistance (i.e., aging) test ASTM D573 was eval-
uated by conducting experiments for shear modulus at ele-
vated temperatures for specified periods. The changes in the
shear modulus at elevated temperatures over time were used
to predict long-term changes in the bearings shear stiffness
(i.e., shear modulus). Both large and small test samples were
considered.

Analytical Phase

In Chapter 3, the analytical phase of the research program
is presented. Two existing finite element computer programs
that could handle the nonlinear properties of the elastomeric
material were used to evaluate the performance consequences
of steel laminate (shim) misalignment and surface cracks. The
evaluation of the tolerance limits on shim misalignment given
in Figure 1 was accomplished by developing a statistically
based research approach to determine the effect of three types
of shim movement (i.e., horizontal shift, vertical shift, and
rotation) on eight performance parameters (e.g., compressive
stiffness, maximum steel stress, and maximum elastomer
strain). Four different stress-strain relationships from the
experimental phase were used to represent soft (50 durometer)
and hard (70 durometer) materials, of both natural rubber and
neoprene, so that general conclusions could be reached with
respect to fabrication tolerances.

A crack growth study was used to evaluate the significance
of ozone-induced surface cracking and its consequences as
cycles of live load are applied to the bearing during its ser-
vice life. A slow crack growth would indicate that the ozone
test could be eliminated.

Implementation

The results of the research reported in Chapters 2 and 4 are
coordinated into recommended changes to the AASHTO
bridge construction specifications and the AASHTO material
test specifications as discussed in Chapter 4. The draft
changes to these sets of specifications are given in Appen-
dixes D and E. The individual test method specifications that
were developed and some of the details from certain phases
of the research are reported in the other appendixes.
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The four experimental phases described in this chapter—
shear modulus, low temperature behavior, creep and aging—
all used the same bearing material and bearing configuration.
So, before presenting the testing details, the test bearings used
will be described. The basic rectangular steel-laminated bear-
ing design chosen for testing and analysis was 44.5 × 229 ×
356 mm (1.75 in. × 9 in. × 14 in.) with two 3.2-mm (0.125-in.)
steel shims. The three elastomer layers all had the same
12.7-mm (0.50-in.) thickness as shown in Figure 4. All lam-
inated pads had an edge cover of 6.4 mm (0.25 in.). The
actual manufactured bearing had a length of 711 mm (28 in.),
which was typically cut in half, 229 × 356 mm (9 × 14 in.),
and tested in pairs in most of the test setups. This ensured
that the pair of bearing came from the same material. When
cut in half, these bearings have dimensions commonly used
in practice; the shape factor (loaded area/area free to bulge)
is 5.5. A steel-laminated circular bearing with a 381-mm
(15-in.) diameter and same thickness profile as shown in
Figure 4 (shape factor = 7.5) and a 24.5 × 229 × 711-mm
plain pad (shape factor = 2.7 when the bearing is cut in half )
were also manufactured. Some bearings were fabricated
with thermocouple wires inserted within the bearing for use
in the low temperature phase. All bearings were flat. In gen-
eral, the supplied bearings had dimensions close to the spec-
ified ones. Some minor variations were present, but they did
not significantly influence the test results, so the specified
dimensions will be used in calculations.

All bearings were ordered from the same manufacturer
with a specified shear modulus, not hardness, and Grade 3
low temperature rating. In order to investigate the possible
differences between compounds, both natural rubber (NR)
and neoprene (NEO) bearings were used, each with three dif-
ferent shear modulus values: 0.69, 1.03, and 1.38 MPa (100,
150, and 200 psi). These modulus values represent typical
values that have been used in practice. All bearings with the
same specified material came from the one rubber batch to
minimize variations among individual bearings. Throughout
this report, a bearing is identified by its material and speci-
fied shear modulus in psi. Thus, NR150 is a natural rubber
bearing with a specified shear modulus of 1.03 MPa (150 psi).
Selected results from the certified test reports supplied by the
manufacturer are given in Table 3. The certifications indicate
that the bearings satisfied the specified AASHTO require-
ments. In addition, when bearings were cut, it was observed
that there was no significant shim misalignment. The toler-

ance values for shim misalignment in the AASHTO M251-97
were satisfied. A total of 54 bearings were used in the test
program, because many of the test phases were conducted
simultaneously. The surfaces of the bearings were steam
cleaned, prior to testing, to remove surface wax.

INCLINED COMPRESSION TEST 
FOR SHEAR MODULUS

For a satisfactory design, the shear modulus of the bearing
has to be determined reliably. Currently, a cost-effective, easy
test method for determining the shear modulus of full-size
elastomeric bearings is needed. The focus of this research
phase was to develop a new test procedure for determining the
shear modulus in a finished bearing. A new test method, called
the inclined compression test, is proposed for this purpose. The
test setup is described and shear modulus results from the new
test are correlated with experimental results from a traditional
full-size test setup. In addition, the effects of certain test param-
eters (e.g., compressive stress, shape factor [sample size], sur-
face conditions, speed of testing, and edge cover) were inves-
tigated in order to establish a valid test procedure.

Inclined Compression Test Setup

In the inclined compression test setup, two bearings are
sandwiched between three inclined aluminum platens (i.e.,
top, center, and bottom) in a compression test machine as
shown in Figures 5 and 6. When compression is applied to this
arrangement of bearings and platens, a simultaneous shear
force is applied to the bearings. The magnitude of the shear
force, H, on one bearing is given by H = s × W, where s is the
slope of the platen and W is the measured compressive force.
For a 1:10 slope, the shear force is 10 percent of the compres-
sive force. The shear force causes the center platen to move
horizontally a distance ∆s, which is measured. The secant shear
modulus can then be calculated from

where

hrt = total elastomer thickness of bearing pad and
A = surface contact area.
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Aluminum was chosen for the platen material because of
its lighter weight and the lower cost of milling the slope. The
platens had 508 × 508 mm (20 × 20 in.) plan dimensions,
which were adequate to accommodate most typical sizes of
bridge bearings, both circular and rectangular. Top and bot-
tom plates were mounted to a 2700-kN (600-kip) compres-
sion machine. The center platen was sloped on both sides. Two
sets of inclined platens were used in the research program.
One set had a slope of 1:10 and the other set had a 1:20 slope.
Platen surfaces were roughened to simulate a concrete surface
in order to prevent slipping of the bearings. Several artificial
surface conditions were tried (i.e., sandblasted, sand paper,
and mechanically roughened), but platen surfaces roughened
by an impacting tool used to roughen concrete surfaces (see
Figure 7) were the most durable. Details related to different
surface conditions will be given later. Compressive load and
displacement of the middle platen were recorded during test-
ing using a data acquisition system. Data were recorded every
1 sec so that the complete load-displacement response could
be documented. Linear potentiometers accurate to 0.025 mm
(0.001 in.) were used to monitor the displacement.

Findings

Independent full-scale shear tests were conducted to evalu-
ate the reliability of the results from the inclined compression
test. The full-scale shear test setup (represented schematically
in Figure 2a), had independent compression and shear loading
systems. The desired compression load was applied first, and
then the pair of bearings was displaced to the required shear
deformation level using screw jacks. Details of this test setup

are provided by Muscarella and Yura (Muscarella and Yura,
1995). The test setup was designed to duplicate the dead
weight and the daily thermal deformation response of the
bridge girder. In order to simulate the same surface conditions,
flat aluminum platens with the same roughness as the inclined
compression setup were used. Linear potentiometers were
mounted to record the middle platen displacement.

Tests for Shear Modulus Correlation

Rectangular, circular, and plain bearings using all six ma-
terials listed in Table 3 were tested in both the full-scale and
inclined setups. Roughened aluminum surfaces were used in
both test setups. For the full-scale shear tests, a compressive
stress of 3.10 MPa (450 psi) was applied to laminated and
plain rectangular bearings while a stress of 4.48 MPa (650 psi)
was applied to laminated circular pads. The pads were sheared
to slightly higher than 50-percent strain in one direction. The
direction of the force was then reversed and the pads were
sheared to slightly higher than 50-percent strain in the oppo-
site direction. The rate of displacement of the bearings was
2.54 mm (1 in.) in 18 min. The loading and unloading cycles
were repeated until the load-displacement curve stabilized.
Figure 8 shows a typical shear load-displacement curve
obtained from a full-scale shear test after a few cycles. The
shear modulus was determined from the slope of the secant
line between ±50-percent strain (dashed line) using Equation 2.
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Figure 4. Section of steel-laminated
bearing (mm).

Figure 5. Schematic of the inclined compression test.

TABLE 3 Certified manufacturers’ report–selected tests

Shear Modulus 
MPa (psi) 

Normalized Shear Modulus 
(Gcold/Groom) Specimen 

Type 
Specified Report

Hardness 
(Durometer) 

Instantaneous Crystallization 

NEO100 0.69 (100) 0.63 (92) 53 1.09 3.33

NEO150 1.03 (150) 1.06 (154) 66 1.23 2.67

NEO200 1.38 (200) 1.25 (182) 70 1.37 2.01

NR100 0.69 (100) 0.78 (114) 52 1.10 2.80

NR150 1.03 (150) 0.97 (141) 59 1.20 2.40

NR200 1.38 (200) 1.34 (194) 66 1.20 2.40



In addition to the two-way test, a one-way test was also per-
formed, but the difference in shear modulus between a one-
way and a two-way test was minimal.

Specimens were tested in the inclined compression test
setup with both the 1:20 and the 1:10 sloped platens. A com-
pressive force was applied such that the shear strain on the
bearings was slightly higher than 50 percent. Then, the speci-
men was unloaded until the compressive load reached 4.44 kN
(1 kip). A similar loading procedure was used for the succes-
sive cycles. Testing was continued until the load-displacement
curve stabilized—usually about four cycles. In general, the first
cycle was significantly different from the others. The rate of
displacement of the bearings was similar to that used in the full-
scale shear test. Figure 9 shows a typical load-displacement
response obtained from an inclined compression test, which
includes all five loading-unloading cycles. The shear modu-
lus was determined from the secant line corresponding to a
change in strain of 50 percent on the last cycle, using Equa-
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tion 2. For this test, the shear modulus changed from 0.96 to
0.99 MPa (140 to 144 psi) from the first to the fifth cycle. In
Figure 10, the full-size test results, nondimensionalized by
the specified shear modulus, are compared with those from
the ASTM 4014-89, Annex 1, test, hereinafter called the
quad shear test. In Figure 10 and subsequent figures, the let-
ters R, P and C refer to Rectangular, Plain and Circular full-
size bearings. The quad shear test results were taken from the
test certification in Table 3. The purpose of the comparison is
to evaluate the significance and reliability of the quad shear
test to predict the shear behavior of a full-size bearing. These
certified results could have come from a similar rubber batch,
not necessarily from the rubber batch actually used. The quad
shear test results are within the ±15 percent tolerance required
by AASHTO. The full-scale shear test gave lower shear mod-
ulus values than the quad shear test. Other researchers made
the same observation (Arditzoglou et al., 1997). The average
difference for all the data in Figure 10 is 21 percent.

There are three principal reasons for the difference between
the full-scale shear modulus and the quad shear shear modulus:

1. Different strain levels are used to define the shear mod-
ulus. Because of the nonlinear response characteristics
of rubber, the amount of strain can significantly affect
the differences between these two test methods. In the
quad shear test the shear modulus was determined at
25-percent strain, while in the full-scale shear test, the
shear modulus was calculated at 50-percent strain. In
Table 1 the effect of strain level was 11 percent; exam-
ination of many other data shows that the effect is 

(a) roughening tool (b) roughened aluminum 

Figure 6. Side view of the inclined compression test setup.

Figure 7. Surface preparation of platen surface.
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Figure 8. Typical load-displacement curve from a full-scale
shear test.

Figure 9. Typical load-displacement curve from an inclined
compression test.

Figure 10. Comparison of quad-shear and full-scale test results.



generally about 10 percent for rubbers within the range
of 50 to 60 durometer. Shear modulus decreases as the
percent strain increases in the range of shear strain
found in bridge bearings (± 50 percent). Given that the
manufacturer did not report the quad shear modulus at
50-percent strain, it is not possible to make direct com-
parisons at the same strain level.

2. Quad shear samples are bonded to the fixtures; full-size
specimens were not bonded. Data presented later show
that the full-size test with bonded fixtures increases the
shear modulus about 10 percent, which is consistent
with theoretical analysis on bearings with and without
bonded fixtures (Hamzeh et al., 1995).

3. The rubber may not be from the same batch.

For each of the elastomeric compounds there were only
small differences in the full-size shear modulus values (usu-
ally less than 10 percent) for different types of full-size speci-
mens, except for the NR150-P specimen. The circular bearings
used consisted of natural rubber compounds and their results
were similar to those from rectangular bearings. The inclined
compression test results are compared with the full-size shear
modulii in Figure 11. For bearings with steel laminates, the
inclined compression test gives good estimations of shear
modulus at 50-percent strain. The difference in shear modulus
is within the +5 to −12 percent range for tests with 1:10 platen
slopes (−4 percent average) and the +2 to +15 percent range
for a 1:20 slope (+9 percent average). The variation in test
results because of platen slope might be related to the level of
compressive stress. A bearing tested with 1:20 slopes is sub-
jected to twice the compressive stress of the case with 1:10
slopes. This will be discussed in more detail later.

On the other hand, for the plain unbonded rectangular pads,
there are large differences between the two test methods. For
some bearings, the difference exceeds 40 percent. In general,

15

for plain pads the inclined compression test gives a lower shear
modulus compared with the full-scale shear test. When com-
pressive load is applied in the inclined compression setup,
there is an immediate proportional shear force applied that
causes the flexible edges to bulge, roll, and slip. A typical load-
shear displacement response for the first two cycles is shown
in Figure 12. At low compressive loads, there is insufficient
mechanical interlocking between the pad and the platen sur-
face to prevent slip. The rolling action that results is similar
to a snake-like movement. With plain pads, the middle platen
of the inclined compression setup does not return to its origi-
nal position after each cycle of loading, indicating slip has
occurred. For plain pads not prevented from slipping, the load-
displacement curve never stabilizes. The results given in Fig-
ure 11 were obtained after two loading cycles. In the full-scale
setup the rolling action is prevented by the application of the
full compressive load before any shear is applied, thus provid-
ing good slip resistance. In steel-laminated bearings the rolling
action is prevented even at low compressive loads by their
high flexural stiffness. In summary, the inclined compression
test is capable of estimating the behavior of full-size laminated
pads. However, this test method gives inaccurate values of
shear modulus for plain pads. Flexible pads would first have to
be cold-bonded to sole plates in order to determine the shear
modulus in the inclined compression setup.

Investigation of Testing Parameters

Some potential test parameters were investigated that
might affect the performance of the full-size bearing or the
results from test methods designed to determine the shear
modulus. The parameters investigated were level of com-
pressive stress, speed of testing, platen surfaces, edge cover,
and specimen size.
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Figure 11. Comparison of inclined and full-scale test results.



Compressive Stress. As presented in the previous section,
there was a difference in the shear modulus from the inclined
compression between tests with two different platen slopes.
As the slope gets steeper, less compressive force is required
to attain a certain level of shear strain. To determine if the
difference in test results is related to compressive stress, addi-
tional tests were performed with the full-scale shear test setup.
Tests were conducted on laminated rectangular bearings and
the compressive stress was increased from 3.1 to 6.2 MPa 
(450 to 900 psi). The same test procedure explained earlier was
followed. Table 4 shows the test results for the two different
compressive stress values in Columns 5 and 6 together with
the inclined compression results, which were presented in Fig-
ure 11 in a nondimensional form. The maximum applied com-
pressive stress in the inclined compression tests is shown in
parentheses in Columns 2 and 3. According to full-scale shear
test results, there is a slight change in shear modulus with the
increase in compressive stress as shown by the ratio in Col-
umn 7 that could be attributed to test scatter. On the other hand,
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for the inclined compression test, specimens with low com-
pressive stress (1:10 slopes) gave an average 12-percent higher
shear modulus value compared with the ones subjected to high
compressive stress (1:20 slopes). The difference in the exper-
imental shear modulus from test setups with two different
platen slopes cannot be explained by the level of compressive
stress. However, the application of compressive stress might
have an effect on the results. In the full-scale shear test setup,
compressive stress is kept constant throughout the test period.
On the other hand, in the inclined compression test, compres-
sive stress is increased from zero to the maximum value at
each cycle. The results in Table 4 indicate that the inclined
compression test with 1:20 platens gives a shear modulus that
best represents those from the full-scale test setup, except for
bearings with high stiffness (NR200 and NEO200) where the
1:10 platens were better.

Loading Rate. In order to establish a test method, the effect
of the loading rate was investigated. To accomplish this task,
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(1)  
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(3) 

 
 

Col (2) 
Col (3)  

(4) 

3.1 MPa 
(5) 

6.2 MPa 
(6) 

 
 

Col (5) 
Col (6)  

 
(7) 

NR100 
0.64 

(3.23) 
0.59 

(5.87) 
1.10 0.58 0.58 1.00

NEO100 
0.52 

(2.61) 
0.46 

(4.60) 
1.13 0.48 0.47 1.02

NR150 
0.73 

(3.67) 
0.65 

(6.51) 
1.12 0.65 0.71 0.91

NEO150 
0.98 

(4.92) 
0.91 

(9.07) 
1.08 0.87 0.94 0.92

NR200 
1.10 

(5.51) 
0.84 

(8.44) 
1.30 0.96 1.03 0.93

NEO200 
0.99 

(4.97) 
0.93 

(9.25) 
1.07 0.97 0.99 0.98

Figure 12. Plain pad tested in inclined compression.

TABLE 4 Test results for effect of compressive stress



certain bearings were tested in the inclined compression test
setup for different durations. Platens with 1:20 slopes were
used to perform the tests. NEO100 and NEO200 laminated
rectangular bearings were chosen as the test specimens. In
the previous tests, specimens were strained to 50 percent in
14 min. In service bearings are strained in one direction over
a 12-hr period. For commercial evaluation of material prop-
erties, tests with a short loading duration are preferred. Bear-
ings were strained to 50 percent over periods that ranged from
2 min to 7 hr. Bearings were first cycled 3 times not consid-
ering the duration. Figure 13 shows the load-displacement
response of the NEO200 bearing for different test periods.
Test results revealed that testing time has a small influence on
the shear modulus. The 2-min loading rate gave a 5-percent
higher shear modulus than the 14-min rate for NEO200. For
the NEO100 bearing, the difference was only 2 percent. These
results are consistent with the creep study presented later in
this chapter (a 3- to 10-min time from zero to maximum strain
will be the recommended loading rate in the test). There was
little difference between the 14-min test and the 7-hr test in
Figure 13 because the bearing is being continuously strained
during the period, so creep effects are not significant. These
findings reveal that the short testing times can be used for a
standardized test method and the results will represent actual
daily performance.

Testing Surfaces. In the early stages of this research, a sig-
nificant effort was devoted to find a robust test surface for the
inclined compression test that simulates a concrete surface,
prevents slipping of bearings, is reproducible, and is not costly.
First the surfaces were sandblasted. There was little slipping
with the sandblasted aluminum surfaces, but the roughness
appeared to deteriorate with use. Then, 40-grit cloth sand-
paper was glued to the metal platens. The tests with the glued
sandpaper showed no slip. Unfortunately, the cloth deterio-
rated and tore rather quickly, so such a surface is not practi-
cal for a standardized test. Finally, the aluminum surfaces
were roughened with the tool shown in Figure 7. This surface
solved the slip problem and was used in all of the tests
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reported for both test setups. There was a surface maintenance
problem caused by the wax that many manufacturers add to
the bearing for ozone protection. The wax would build up on
the roughened aluminum surface and affect the test results.
Topkaya gives a detailed evaluation of this problem and rec-
ommends that the surfaces of the platens be cleaned after each
test (Topkaya, 1999).

The effect of cold-bonding sole plates to the top and bottom
bearing surfaces was investigated. Four types of laminated rec-
tangular bearings were bonded to steel plates and tested in the
full-scale shear test setup and inclined compression test setup
with 1:20 and 1:10 slopes. A compressive stress of 3.10 MPa
(450 psi) was applied in the full-scale shear tests. The results
are provided in Table 5. In general, the shear modulus values
increase when specimens are bonded, because the bearing
edges cannot lift. As the contact area increases it is more dif-
ficult to deform the material, so the bearing shows a stiffer
response. In general, the change in shear modulus is about 
10 percent. It is evident from the test data that both 1:20 and
1:10 slopes are capable of estimating the shear modulus of
bonded bearings. The 1:10 slopes give closer values to the
full-scale shear test results for bearings with sole plates.

Edge Cover. Tests were performed to investigate the
effects of edge cover on the shear modulus reported by Top-
kaya (Topkaya, 1999). The laminated rectangular pads had an
edge cover on three sides because a larger bearing had been
cut in half to provide the pair of specimens needed in each
test. The edge covers of the bearings were trimmed off and
retested. As expected, test results showed that edge trimming
makes little difference on shear modulus.

Specimen Size. Performing full-size bearing tests requires
high-capacity testing machines. For example, in the case of a
381-mm (15-in.)-diameter circular bearing with a modulus of
1.03 MPa (150 psi) tested under an inclined compression
setup with 1:20 slopes, 1180 kN (265 kips) of compressive
force is required to strain the pad up to 50 percent. Because of
limited test machine capacity, full-size bearings may have to

0

5

10

15

20

25

30

35

40

45

50

0 5 10 15 20

Displacement (mm)

L
o

ad
 (

kN
)

7 hour

2  m in

14  m in
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be cut into smaller sizes for testing. A change in dimensions
changes the shape factor of the bearing and also changes the
bearing length-to-thickness ratio, L/h. This section discusses
how shape factor and L/h affect shear modulus. First, three
types of circular bearings (having a shape factor of 7.5) were
cut into squares having an edge length of 254 mm (10 in.) and
a shape factor of 5.0. Then these bearings were cut into even
smaller dimensions of 171 × 254 mm (6.75 × 10 in.) and 127
× 254 mm (5 × 10 in.) that resulted in shape factors of 4.0 and
3.33, respectively. All these bearings were tested in the inclined
compression test setup with 1:20 slopes. The shear modulus of
each sample normalized by the shear modulus of the full-size
bearing is shown in Figure 14 by the solid data points.

For bearings with shape factors of 4.0 and 3.33, the shear
modulus values were found by straining them in the direction
of shorter dimension (127 mm [5 in.] and 171 mm [6.75 in.]),
respectively. Both shape factor and L/h appear to organize
the data in a similar fashion. In order to distinguish the effect
of these two variables, bearings having dimensions of 127 ×
254 mm (5 × 10 in.) were retested, but this time the bearings
were strained in the direction of longer dimension, 254 mm
(10 in.). This change in orientation did not alter the shape fac-
tor (3.33) but the L/h ratio was doubled, from 2.86 to 5.71.
The test results are shown by the three open data points in
each graph. Even though the shape factor remained at 3.33,
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the shear modulus for all three materials increased about 
30 percent—to values very close to those for bearings hav-
ing dimensions of 254 × 254 mm (10 × 10 in.) with a shape
factor of 5.0. Thus, the prime variable has been determined
to be L/h, not shape factor. When the L/h ratio of the test
specimen is less than 4.5, the small sample shear modulus
will not directly represent the shear modulus of the full-size
bearing. However, the following expression that is a curve fit
to the data in Figure 14 can be used to adjust the test results
for the effect of specimen size when L/h < 4.5:

where

A = 0.35 for G ≤ 1.0 MPa (150 psi) or A = 0.30 for G >
1.0 MPa (150 psi),

G = the shear modulus for the small sample, and 
Gfull = the predicted shear modulus for the full-size bear-

ing.

The test results show that decreasing the specimen dimension
in the direction of strain causes P-∆ effects in the setup, result-
ing in a more flexible behavior. The L/h of the test sample
should not be less than 3, the AASHTO stability limit.
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INTERPRETATION AND APPLICATIONS

The research has shown that the inclined compression test
can be used to accurately determine the shear modulus of steel-
laminated elastomeric bearings. Plain, flexible elastomeric
bearings cannot be tested with this system unless they are
cold-bonded to steel sole plates prior to testing. The inclined
compression test method that has been developed is reliable
when directly compared with more complex and costly full-
scale tests. The new method will enable finished bearings to
be checked by the use of a compression test machine without
additional shear loading devices. The new method relies on
geometric principles to produce simultaneous compression
and shear on a bearing merely through application of com-
pression load. Most current testing of full-size bearings is lim-
ited to compressive loads because of the inherent difficulty and
cost of applying compression and shear simultaneously.

For the inclined system to function properly, slip between
the bearing and platen contact surfaces must be prevented. The
surface used in this research tried to simulate a concrete sur-
face, but that imitation is not necessary when implementing
this test method. Smooth, machine surfaces cannot be used, but
any type of roughened plates should work. The tapered platens
were machined from aluminum plates because aluminum is
lightweight and less costly to machine. For commercial test-
ing, probably the use of grit-blasted, steel-covered plates on the
sloped platens would be a practical alternative to the surface
used in this research. Sandblasted aluminum surfaces work ini-
tially, but the surface roughness does not hold up as well as
steel surfaces for continuous testing. The use of plates with
machined grooves perpendicular to the direction of the shear
force, probably no more than 1 mm deep, may be the best solu-
tion because regular cleaning of the surface for wax residue
would be easier than with blasted or roughened surfaces.

The inclined compression test can be used as a replacement
or alternative to (1) the quad shear ASTM D4014-89, Annex
A1 shear modulus test and (2) the full-scale shear test. The
advantages of the inclined compression test over the quad
shear test are that the inclined compression test (1) can handle
bearings with and without sole plates, (2) does not required
destruction of the bearing, and (3) measures bearing perfor-
mance directly. The current quad shear test does not give a
shear modulus value that is suitable for a performance evalu-
ation because the modulus is calculated at 25-percent strain. If
the quad shear test method is retained in the AASHTO speci-
fications, it is recommended that the shear modulus be calcu-
lated from the stress at 50-percent strain. The full-scale
shear test requires separate compression and shear loading
setups, whereas the inclined test only needs a compression
machine. All the shear modulus test methods should define
shear modulus based on the same maximum strain. The 50-
percent strain level is recommended for all of these tests.

The inclined compression test can also be used to test full-
thickness samples cut from full-size bearings. Test samples
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with L/h ≥ 4.5 will provide a value of shear stiffness that is
directly representative of the value in the full-size bearing.
For L/h < 4.5, Equation 3 must be used to convert the G from
the small sample to the equivalent G in the full-size bearing.
In AASHTO M251-97, the nondestructive shear stiffness test
method on a pair of sampled bearings contains the following
statement: “the shear modulus shall be computed from mea-
sured shear stiffness of the bearings, taking into account the
influence on shear stiffness of bearing geometry and com-
pressive load.” No guidance is given on how to correct for the
geometry or level of compressive load. This research has
addressed both factors—geometry and level of compressive
load—and has found that compressive stress has little influence
on the outcome of the shear modulus test. However, geometry
is important and Equation 3 was developed to address this
issue. Equation 3 should be applicable to the full-scale test, as
well as the inclined compression test.

The inclined compression test can also be used to replace
the compressive-load proof test at 1.5 times the maximum
design load. In this test, the compressive deformation is lim-
ited to 10 percent of the original thickness and the two pads
are examined for damage or delaminations during the test.
The inclined compression test can provide the same function.
It is recommended that the slopes of the platens be limited to
the values within the range used in the test program, namely
1:10 and 1:20. There is no physical reason why other slopes
could not be used, but all the test data have been generated
for these values. For bearings with a specified shear modulus
between 0.7 and 1.0 MPa (100 and 150 psi), the use of a platen
slope 1:20 gives compressive stresses close to the AASHTO
design values when the bearing reaches a strain of 50 percent.
In general the 1:20 slope is recommended, which in some
instances may result in compressive stress levels higher
than the design compressive stress. But because the factor
of safety is very large in compression, typically six or more,
the higher stresses pose no problem during testing. If there
is concern about the level of compression, a steeper slope, such
as 1:10, can be used. A detailed specification for the inclined
compression test, which is intended as an annex for the
AASHTO M251-97 specification is provided as Appendix A.

LOW TEMPERATURE BEHAVIOR

Introduction

As discussed in Chapter 1, elastomers stiffen as they are
cooled. The four low temperature test methods in AASHTO
M251-97 and their associated performance criteria purport to
evaluate the stiffening of the bearing as it is cooled to various
low temperature levels (i.e., brittleness and instantaneous stiff-
ening) and held at particular temperatures for a specified num-
ber of days (i.e., crystallization). In order to evaluate these test
methods and performance criteria, an experimental research
plan was developed that mainly focused on variables and



procedures that were not adequately addressed in previous low
temperature research. Based on a literature search summarized
in Appendix B of the research team’s final report, the follow-
ing parameters were selected for study:

1. Temperature response within the bearing,
2. Cyclic stress and cyclic strain,
3. Temperature history,
4. Slip, and
5. Rate of loading and shear strain amplitude.

From the results of these studies, test methods and perfor-
mance criteria were developed.

Temperature response within the bearing as the ambient
temperature varies had not been studied extensively. The
response of the bearings affects the minimum time required
for a bearing to reach the desired temperature for determining
the instantaneous (i.e., initial steady state) stiffness, test pro-
cedures, and field performance. Very limited and conflicting
data were found on the effect of cyclic strain, which has been
claimed to retard crystallization, thereby making static tests
meaningless (Ritchie, 1989). Research on the effect of cyclic
stress was initiated but not completed (Du Pont, 1989). Only
very limited studies were conducted using realistic tempera-
ture histories and their associated strain limits. The inter-
action between minimum low temperature and the expected
daily temperature change at that temperature needs to be stud-
ied based on some typical temperature histories. Slip is an
important performance limit for bearings without bonded sole
plates. Slip coefficients at low temperature appear to be dif-
ferent than those at room temperature, which can affect the
maximum shear forces. For practical laboratory tests, shear
loading rates should be as fast as possible, but if the test results
cannot be related to performance in the bridge, the test may
give an erroneous indication.
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Findings

Monitoring Bearing Temperature

Before developing a test procedure at low temperatures, the
response of the elastomeric material to exterior temperature
should be investigated. It is known that elastomers are poor
conductors of heat. In order to determine the response of bear-
ings to outside temperatures, the temperature inside the bear-
ings has been monitored using thermocouples for various
temperature ranges. Two NR100, two NEO100, two NR150,
and two NEO150 bearings were ordered with 24 thermocou-
ples inserted in the top and middle layers of the bearings dur-
ing their manufacture. The thermocouples were used to mon-
itor the temperature variation within each bearing as the
exterior temperature changed with time. Type J thermocou-
ples were installed because they perform better than do other
types. Figure 15 depicts the thermocouple layout. A freezer
unit that can hold temperatures down to −65°C (−85°F) was
selected for this study. Almost 70 percent of thermocouples
were observed to perform well. Specimens NR100 and NR150
were conditioned at various temperatures in the freezer, and
the temperatures within the bearings were monitored. Full-
size bearings (229 × 711 mm [9 × 28 in.]) were studied first.
Then smaller 229 × 356 mm (9 × 14 in.) bearings that were
cut from the 229 × 711 mm (9 × 28 in.) bearings were moni-
tored. The effect of exposure condition on the bearing temper-
ature response was investigated by monitoring a 229 ×356 mm
(9 × 14 in.) NR100 bearing that had been placed between two
concrete platens.

Response of Bearings to Temperature Changes. A typi-
cal measured temperature-time response is exponential as
shown in Figure 16. The freezer reached the desired tempera-
ture in 30 to 75 min while being cooled depending on the tem-

44.5

8 x 25.4 mm 

2 Steel Shims, A750 Grade 40, 12 gage (2.9 mm) 

6 x 25.4

Figure 15. Thermocouple layout.



perature setting. Heating, on the other hand, was quite fast—
the freezer reached the room temperature in 10 to 35 min. Each
temperature response was examined for the time required to
reach the outside temperature and the maximum difference of
measured temperature values between thermocouples. The
time to reach the steady-state temperature (SST) was defined
as the time elapsed from the beginning of the temperature
change to the point when the bearings attained 97 percent of
the temperature change. The bearings reached a steady-state
condition in 3 to 6.5 hr at low temperatures. However, it took
8 to 11 hr for the bearings to reach the room temperature when
heated. The reason for a longer time in case of heating was
that, during heating, a film of condensation (resulting from
high humidity) covered the bearing surface and retarded the
warming of the bearing. The maximum difference in cooling
thermocouple readings (i.e., 4°C to 11°C) occurred between
the top and middle layers during the first 70 min of cooling.
The maximum difference of 8 to 11°C was recorded during
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the first 30 min of heating. The temperature difference within
a layer was observed to be insignificant.

The results of this study (Yakut, 2000) showed that the
response of bearings having different hardness/rigidity was
very similar. The behavior of the 229 × 356 mm (9 × 14 in.)
and 229 × 711 mm (9 × 28 in.) bearings was quite similar.
This indicates that heat transfer is mainly through the thick-
ness of the bearings. When only the edges of the bearing were
exposed, the rate of cooling/heating was slower. However, the
difference between the times to reach SST was insignificant.

The optional low temperature shear test procedure in
AASHTO M251-97 requires that the bearing be conditioned
at −29°C (−20°F) for 96 hr and then be tested within 30 min
after being removed from the freezer. Figure 17 shows that the
bearing temperature changes considerably within the first 30
min of heating. For this particular bearing, the average bearing
temperature changed from −31°C (−24°F) to −12°C (10°F)
within 30 min of heating. When only the edges of the bearing
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were exposed to air because of concrete blocks, the change in
bearing temperature was more gradual than that for full expo-
sure, but there was no significant effect on the total time
needed to reach steady state.

Theoretical Investigations. Heat flow characteristics of
elastomeric bridge bearings are not very well known. Dur-
ing manufacturing and vulcanization, thermal properties are
known to change. Experimentally obtained thermal response
data were used to estimate the heat transfer properties of 
the bearings employed for this research. These properties
were then used to generate responses for the bearings that
have different thickness than the ones monitored. The bear-
ings monitored were modeled, and analytical solutions were
obtained. The results of the study herein, as documented in
NCHRP Report 298, have shown that previous research failed
to estimate the response of bearings analytically. For bearings
that have a thickness of 51 mm (2 in.) or less, research sug-
gests that the time required to reach thermal equilibrium
would be less than 1 hr (Roeder and Stanton, 1987). The
details of the theoretical investigations are given elsewhere
(Yakut, 2000).

The experimental and analytical responses of the NR100
specimen are compared in Figure 18. Theoretical results indi-
cated that the time to SST does not depend on the temperature
range. In all temperature ranges, a period of 275 ± 5 min was
required to reach SST when cooling and the time to SST dur-
ing heating was 256 ± 5 min. In order to obtain a relationship
between the time required to reach SST and the thickness of
full-size elastomeric bearings, numerical results were obtained
for bearings having thicknesses other than 45 mm (1.5 in.).
Figure 19 shows the time to reach SST as a function of the
thickness. Curves were generated for the conditions where a
condensation film is developed on the bearing surface and
when condensation was not a problem. These curves can be
used to obtain the conditioning time required for a particular
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bearing to reach SST at which instantaneous stiffness of a
bearing needs to be determined. For example, in order to deter-
mine the instantaneous stiffness of a 76-mm (3-in.)-thick elas-
tomeric bridge bearing, the shear stiffness test should be con-
ducted 17 hr (Figure 19) after the bearing is conditioned at the
desired temperature when condensation is not a problem.
Equations representing these curves are given later.

Test Setups

The results presented in the previous section revealed that,
to determine low temperature properties, elastomeric bearings
need to be tested in an environment where the temperature can
be maintained (e.g., a freezer). Elastomeric bridge bearings
are generally tested in shear in pairs. Two identical specimens
are placed between plates and compression is applied to
provide friction when testing bearings without bonded sole
plates. The middle plate is sheared and its displacement is
measured. Compression need not be applied when testing
bearings with bonded sole plates. Bearings without bonded
sole plates were used in this research. All the specimens were
typical full-size bridge bearings (229 × 356 mm [9 × 14 in.]).
Test setups were designed for installation inside an environ-
mental chamber (2.7 × 2.7 × 2.4 m [9 × 9 × 8 ft]). Shear tests
were the primary tests conducted. Compression was applied
to provide enough friction for the shear tests. The test setup
was designed to apply cyclic compression from traffic loading.
The freezer unit had thin, weak walls and floor, so no structural
attachment of any kind could be made to them. This limited
the options for load application. The ideal solution would be
to apply shear using screw jacks (i.e., displacement con-
trolled) to simulate thermal expansion and contraction, and to
use hydraulic jacks (i.e., load controlled) for compression to
represent the vertical loading from the weight of the bridge
and traffic.
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The setups designed for low temperature research consist
of the following major components:

1. Cyclic compression setup,
2. Control setup,
3. Shear test setup,
4. Cyclic shear and slow speed shear setup, and
5. A compression setup.

In addition, a load maintainer, a continuous MTS pump
capable of providing a maximum pressure of 17.24 MPa
(2500 psi) and the data acquisition system were used to con-
duct tests at cold temperatures. Figure 20 depicts the test
setups, which are explained in more detail in Appendix B of
the research team’s final report; NR100, NR150, NEO100,
and NEO150 bearings were used in the test program. Unless
otherwise specified, all pairs of bearing specimens were 224
× 356 × 45 mm (9 × 14 × 1.75 in.) with each of the bearings
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in the pair cut from the same full-size bearing. All the bear-
ings used for the low temperature study were specified as
Grade 3.

Cyclic Stiffness Tests

Cyclic compressive loads to simulate the truck loading
were applied to the bearings while they were being condi-
tioned at a certain temperature. This is a more realistic repre-
sentation of truck loading than the application of compressive
strain, which was employed by previous research (DuPont,
1989). Previous limited research had shown that cyclic strain-
ing inhibits crystallization of the elastomers. However, the
research team found that applying cyclic load, simulating
trucks, did not produce the same effect as cyclic straining. As
the bearing stiffened under cold temperature, the compressive
strain decreased, even though the maximum cyclic load was
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held constant. The cyclic load produced very little compres-
sive strain in the neoprene after a few days of testing. The rea-
son large strain cycles curtail crystallization might be the heat
built up inside the bearing, which produced lower stiffness
values as reported in earlier research (Suter and Collins,
1964). The research team’s tests showed that cyclic loading
in compression need not be considered in developing a per-
formance test at low temperatures.

Cyclic shear loads were applied to simulate the daily ther-
mal expansion/contraction cycles of the bridges. An average
shear strain of 17 percent was applied over 12 hr while the
specimen was being conditioned at a certain temperature.
Results indicated that slow application of cyclic shear strain
does not curtail or retard crystallization of the bearings. The
reduction in the amount of stiffening between the slow-speed
cyclic shear strain and the fast loading resulted mainly from the
rate of loading effect. The results of this research do not agree
with previous research. Ritchie conditioned bearings under
the application of 5-percent constant compressive strain while
straining the specimen through a ±25-percent daily shear
strain cycle for 14 days, which is fairly large for stiff bearings
because it results in unrealistic compressive loads. Further-
more, the specimens tested were relatively crystallization-
resistant (i.e., shear stiffness increase of 2 times the room
temperature value was noted after 2 weeks of conditioning at
−10°F [14°F]) (Ritchie, 1989). Dynamic strain in shear was
found to have no significant effect on the performance of the
bearings, thus it should not be included in a performance test.
It is assumed that the shear strain resulting from the acceler-
ation or braking action of vehicles is insignificant.

Low Temperature Stiffness Tests

The purpose of this part of the research was to investigate
the behavior of full-size elastomeric bearings at various tem-
peratures. The main focus was devoted to crystallization of
elastomers. Although low temperature crystallization has
long been recognized as a property of elastomeric bearings,
no specific test method was required by AASHTO to deter-
mine the effect of crystallization on the stiffness of bearings
until 1992. Until 1992, crystallization was not considered a
problem for bridge bearings (DuPont, 1959). Whether or not
crystallization affects the performance depends on the tem-
perature, rate of loading, type of compound, time, and strain
amplitude (i.e., daily temperature fluctuation). Research was
required to find out whether crystallization is important in
terms of performance under the conditions to which bridge
bearings are generally subjected. There have been no reported
bearing failures associated with low temperature stiffening.

Common practice in low temperature tests has been to
carry out tests at constant temperatures for certain durations.
The range of temperatures employed was usually −10°C
(14°F) and −25°C (−13°F) which are believed to be the opti-
mum crystallization temperatures for neoprene and natural
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rubber, respectively. In this study, tests were conducted at
constant temperatures, as well as varying temperatures dur-
ing the conditioning of bearings. Test temperatures of −10°C
(14°F), −20°C (−4°F), and −29°C (−20°F) were applied to
investigate the effect of crystallization. Tests were performed
at variable temperatures to study the effect of temperature
history on the performance. A semi-continuous temperature
history and two historical temperature profiles obtained from
temperature records of Anchorage and Minneapolis were
introduced. All specimens were tested under as identical con-
ditions as possible.

Shear Stiffness Tests. Test specimens were conditioned
under a compressive stress of 3.45 MPa (500 psi). Periodic
shear tests were performed during conditioning. Over 450 shear
stiffness tests were performed on the specimens, using the
test setups described earlier. The bearings were sheared to a
strain of 35 percent and the calculations were performed at
three strain levels: 12.5 percent, 25 percent, and 30 percent.
Figure 21 shows the load-deflection curves of NEO150 as a
function of time at −20°C (−4°F). This figure illustrates how
the shear stiffness increases as a function of time. The curves
after the 4th day do not extend to 30-percent strain (a displace-
ment of 11 mm [0.45 in.]) because of slip.

Normalized shear modulus curves for all bearings are de-
picted in Figures 22 through 25. Results revealed a very sig-
nificant stiffening of NEO150, especially at −29°C (−20°F)
(normalized shear modulus was about 9 after 4 days, which
resulted in slip). The stiffening of NEO100 was noted at −29°C
(−20°F) as well. After 2 weeks, the normalized shear modulus
of NEO100 reached the value of 3.9, 3.7, and 3.4 at −29°C 
(−20°F), −20°C (−4°F), and −10°C (14°F), respectively. Nat-
ural rubber compounds exhibited their greatest stiffening at 
−29°C (−20°F). NR150 stiffened more than NR100: the shear
modulus increased by a factor of 3.6 and 2.6 for NR150 and
NR100 at −29°C (−20°F), respectively, after 2 weeks. At 
−29°C (−20°F), the sharp change in the curve after 2 weeks
occurred because a freezer problem caused the temperature to
increase. After day 16, the problem was fixed and the freezer
was cooled to −29°C (−20°F) again. The large stiffening of the
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NEO150 material was a surprise because a Grade 3 bearing
was specified; this requires that the stiffening not exceed 
4 times the room temperature value at −26°C (−15°F). The cer-
tified report supplied by the manufacturer indicated that the
NEO150 passed the current AASHTO test with a value of
2.67 < 4. Another NEO150 bearing was tested and showed
similar behavior, so it appears that the certified report is in
error. A NEO200 bearing whose certified report also complied
with a Grade 3 requirement was tested and the behavior was
similar to the NEO100 bearing. In Appendix B of the research
team’s final report, the behavior of the tested bearings is
shown to be similar to the behavior of the bearings reported
in NCHRP Report 325.

Effect of Temperature History. After completing tests at
constant temperatures, additional tests were conducted on all
the 0.69 MPa (100 psi) and 1.03 MPa (150 psi) bearings to
study the effect of temperature variation on the behavior. Two
real temperature records were selected for the tests as follows:

1. A record collected in Anchorage, Alaska, for the period
of January 27, 1999, through February 12, 1999, and
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2. A history obtained from the Minneapolis, Minnesota,
data in January 1969.

Both records had average daily temperature values below 
−10°C (14°F) for the duration selected, representing various
ranges of daily temperature fluctuations. The Anchorage rec-
ord had a small value for the daily temperature fluctuations
whereas the Minneapolis record had large differences between
daily high and low temperature measurements such that a 
30-m (100-ft) bridge girder would reach a strain of 12.5 per-
cent several times during that period. Figures 26 and 27 depict
the temperature histories employed in this study. The real data
were represented by a stepwise temperature distribution: A
constant temperature was used over a period of 12 hr. Each
record was approximated for 7 days. The Anchorage history
was extended 2 days by applying an assumed temperature
increase for the last 2 days. In Figure 27, the hourly tempera-
ture measurements and stepwise approximations do not belong
to the same date. Given that hourly data were not available for
January 1969, January 1998 data were used to determine the
trend of daily temperature variation (straight lines represent
daily high and low temperature measurements in January 1969
whereas continuous data depict the hourly temperature record
in January 1998).

All four specimens were tested at both temperature histories
and the measured behavior is shown in Figures 28 and 29. The
shear modulus reached a maximum value after 4.5 days at 
−25°C (−13°F) under the Minneapolis history; the normalized
shear modulus were 7.9, 4.17, 1.95, and 1.62 for NEO150,
NEO100, NR150, and NR100, respectively. Results obtained
from the Anchorage record indicate that maximum stiffening
occurred on day 7 (NEO150 had a normalized shear modulus
value of 10). A comparison of the low temperature tests for the
various temperature histories performed on NEO100 is given
in Figure 30. Constant temperature tests yield a continuous
stiffening curve with time; temperature histories, however,
show a different trend. The Anchorage record has fewer fluc-
tuations because of the small changes in daily temperatures;
the Minneapolis history, on the other hand, produced very
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Figure 23. Behavior of NR150 at 12.5% strain.

Figure 24. Behavior of NEO100 at 12.5% strain.
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appreciable changes in shear modulus, depending on the
change in the temperature. These results indicate that temper-
ature variation and level of strain directly affect the shear mod-
ulus. If fluctuations are small, there is no significant effect on
the breakdown of crystallization, but if temperature change is
high, a considerable reduction on the rate of crystallization is
possible (Figure 31).

Effect of Slip Coefficient on Performance

A drop in temperature results in an increase in stiffness of
the bearing, which, in turn, transmits higher forces to the
bridge substructure. An increase in shear force increases the
possibility of the slip of a bearing without bonded sole plates.
The current AASHTO bridge design specifications do not
address slip between the bearing and the guides or abutment
explicitly. The horizontal force must be less than 20 percent
of the compressive force; this implies a coefficient of friction
of 0.20. Previous research has revealed that the coefficient of
friction depends on the compressive stress, decreasing with

27

an increase of compressive stress at room temperature (Mus-
carella and Yura, 1995). Because an elastomer goes through
a phase change at low temperatures, the coefficient of fric-
tion may change. No data have been reported for the coeffi-
cient of friction between an elastomeric bearing and concrete
at low temperatures. It is important to determine when the
bearing will slip because this might supersede the effect of
stiffening for bearings without mounting plates.

Four types of load-displacement curves were observed in
this research as shown in Figure 32. Slip load is defined as
the maximum load for Curves a, b, d and e. For Curve c, slip
load is taken as the load at which the rate of displacement
increases significantly.

Slip Tests. All plate surfaces were roughened by double
O (buckshot) size sandblasting, the coarsest grit size com-
mercially available, to simulate a concrete surface. The slip
load and corresponding coefficient of friction were deter-
mined from the load-displacement curves obtained from the
standard shear tests. Thus, slip data are available only for the
compounds that slipped during the shearing of specimens up
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Figure 30. Comparison of results for NEO100.
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to 30-percent strain level. Only NEO150 and NEO100 were
observed to slip. Most slip data pertain to NEO150, which
slipped at almost all exposure temperatures because of the
large stiffening.

A typical load-deflection curve for NEO150 is shown in
Figure 33. A sudden drop in load with no change in displace-
ment was measured when the maximum load was reached.
This type of behavior does not resemble the common slip
curves shown in Figure 32. A sound was released from the
setup at the instant of load drop that was considered to be
energy released. To investigate whether this was a slip or a
mechanical problem inherent to setup, acoustic emission tests
were conducted. Acoustic emission test results indicated that
noise released during the tests was a result of slip on the bear-
ing and steel plate interface. Details of the acoustic emission
tests are given elsewhere (Yakut, 2000).

Maximum Shear Force. The shear modulus changes as a
function of temperature, time, rate of loading, and other param-
eters as discussed previously. Shear force increases directly
with an increase in G provided that slip does not occur. There-
fore, the change in force is not directly related to a change in
G for bearings without bonded sole plates. Consequently, the
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following criteria were used in calculating the maximum
shear force experienced by the bearings:

1. At room temperature, a strain of 50 percent was used as
recommended by AASHTO.

2. At cold temperatures, a strain of 30 percent was used,
if slip did not occur.

3. In case of slip, the maximum load was taken as slip load.
4. Shear tests were stopped after the bearing slipped before

reaching 12.5-percent shear strain.

Figure 34 gives the maximum measured shear force on each
day for different temperature histories normalized by the
room temperature shear force. Because bearings were not
tested to the slip limit state in all tests, the shear force curves
have fluctuations after the first occasion of slip.

The maximum increase in force because of stiffening at 
−20°C (−4°F) is 3.5 times the room temperature value. For the
variable temperature history, the maximum normalized shear
force was 3.2, which occurred at temperatures of −18°C (0°F)
and −20°C (−4°F). The maximum normalized shear force was
2.6 and 2.2 at −29°C (−20°F) and −10°C (14°F), respectively.
Although the shear modulus increased about 10 times, the
shear force increased only 3.5 times because of slip. This indi-
cates that slip controls the design and performance for this
particular bearing. The maximum normalized shear force for
NEO100 versus time curve is displayed in Figure 35. The
force increased with time reaching a value of 3.2 on day 17
when slip occurred, whereas the normalized shear modulus
value recorded for NEO100 at −20°C (−4°F) was 6, which
indicates that the maximum shear force is the critical param-
eter in the performance design of this bearing as well.

Coefficients of friction were calculated on the basis of
the slip data from the neoprene compounds and the results
are shown in Table 6. For NEO100 bearings, data were
available only at −20°C (−4°F). The coefficient of friction
was approximately 0.45 for both NEO100 and NEO150 at
−20°C (−4°F). A smaller value was observed at −10°C
(14°F) and −29°C (−20°F), 0.29 and 0.39, respectively.
Muscarella reported a value of 0.42 at room temperature for
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Figure 32. Typical load-displacement curves in slip
of elastomeric bearings.

Figure 33. Load-deflection curve of NEO150 
at −20°C (−4°F). Figure 34. Maximum measured shear force for NEO150.



natural rubber compounds. Because tests at −10°C (14°F)
and −29°C (−20°F) were conducted much later than tests at
other temperatures, the roughness of the sand-blasted plate
surfaces decreased over time, resulting in a reduction in the
friction. In addition, during heating and cooling cycles of
the freezer, moisture accumulated on the bearing-plate
interface and, at cold temperatures, frozen moisture might
have acted as a bond. At warmer temperatures (−10°C
[14°F]), the bonding effect of moisture was less than at
colder temperatures. The change of coefficient of friction
with temperature is not very clearly understood.

Effect of Loading Rate and Strain Amplitude

Rate of loading is one of the most important parameters
that influence the behavior of elastomeric bridge bearings.
Laboratory tests generally employ very fast speeds of testing.
NCHRP Report 325 low temperature research was conducted
at a rate of 1.0-percent shear strain/sec and the service condi-
tion test was conducted at a slow rate, similar to typical daily
cycles of a bridge, but the effect of rate of loading was not
investigated. The horizontal movements of a bridge occur
very slowly, and short-term thermal fluctuations are usually
completed in a day. Thus, a very slow cyclic speed in shear
will simulate the service condition of the bearings. Creep
properties and relaxation properties are affected by the rate of
loading. The influence of relaxation was studied in NCHRP
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Report 325. Relaxation tests are conducted to measure the
change in the shear load at a fixed shear displacement, which
reflects the time-dependent properties of the materials. Rate
of loading, however, is a direct measure of such an effect.

Previous research showed that a bridge girder expands/
contracts continuously without a period of constant displace-
ment (English et al., 1994). Therefore, relaxation tests do not
reflect the true in-service behavior of the bearings. In addition,
work done by DuPont, which formed the basis for earlier
AASHTO specifications, indicates that the shear modulus is
independent of temperature when the rate of strain is very low,
such as the strain from a daily temperature cycle (DuPont,
1959). Tests were conducted to determine the effect of load-
ing rate on the performance of bearings. A standard test speed,
0.30-percent shear strain/sec, and a slow speed, 30-percent
shear strain / 10 hr, were used. Bearings were tested at room
temperature and at certain low temperatures.

Shear Modulus. Shear modulus depends strongly on the
rate of loading and the level of strain. At very small strains,
shear modulus is very large, approaching infinity at zero strain.
Shear modulus changes rapidly, decreasing with an increase
in shear strain between strain levels of 0 percent and 4 per-
cent. The change is more gradual at higher strain levels as
depicted in Figure 36. The relationship between shear modu-
lus and shear strain can be represented by a power function
obtained by a least-squares fit through the data. Figure 37
shows the shear modulus for NEO150 for the first 4 days of
conditioning at −20°C (−4°F) for various strain levels. The
shape of the curves is quite similar between strain levels of 
4 percent to 30 percent.

The shear modulus Curve 4 is normalized with Curve 2 and
the resulting relationship is also shown in Figure 37. At the
range of strain levels considered in this study, there is no sig-
nificant change in the normalized shear modulus with the
strain level. Therefore, the shape of the shear modulus curve
for a material remains the same during crystallization; the
only change is the shift of the curve. The change in shear mod-
ulus as a function of shear strain is obvious, especially at
small strain levels. Therefore, shear modulus (or shear force)
should be compared only at the same strain level. In the cur-
rent AASHTO test procedures, room temperature shear mod-
ulus and low temperature shear modulus are determined dif-
ferently. Room temperature shear modulus is determined at
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Figure 35. Maximum measured shear force for
NEO100 at −20°C (−4°F).

Temperature 

14 oF -4 ˚F -20 ˚F Var T .Compound 
No. of 
Tests 

Average 
Value 

No. of 
Tests 

Average 
Value 

No. of 
Tests 

Average 
Value 

No. of 
Tests 

Average 
Value 

NEO150 5 0.29 7 0.46 4 0.38 5 0.46 

NEO100 - - 4 0.45 - - - - 

Numbers in italic are the coefficient of friction values 

TABLE 6 Coefficient of friction for the neoprene compounds



25-percent strain after the specimen is strained to 50-percent
strain, in one direction; whereas low temperature shear mod-
ulus is determined at 25-percent strain, but the specimen is
strained to 25-percent strain. In addition, room temperature
quad shear uses a secant modulus, whereas cold temperature
quad shear uses a tangent modulus. Strain level is a result
of expansion/contraction of a bridge because of changes in
the temperature. Therefore, in a performance test, empha-
sis should be given to the range of temperature variations.

Loading Rate. A test setup, described in Appendix B of the
research team’s final report, was designed to study the effect
of loading rate on the load-displacement behavior in shear.
Tests were performed at −10°C (14°F), −20°C (−4°F), −29°C
(−20°F), and room temperature. Tests were conducted at
room temperature to investigate the effect of fast loading rates
on the behavior of the bearings. Test speeds of 30-percent
strain in 30 sec to 5 min were employed. Results indicated
that the effect of loading rate is insignificant for the range of
30-percent shear strain in 30 sec to 3 min (Yakut, 2000). In
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the cold temperature experiments, NEO100 and NR150 com-
pounds were tested extensively, whereas a few tests were con-
ducted on NR100 and NEO150 compounds. Two rates of
loading were applied: 30-percent shear strain in 2 to 3 min
(fast test) and 30-percent shear strain in 10 hr (realistic per-
formance speed). Figure 38 presents the load-displacement
plot in shear for NEO100 for the two test speeds selected.
Table 7 includes the results from other tests. Under fast load-
ing, the bearings tend to exhibit stiffer behavior. A slowly
loaded specimen creeps more and shows more flexible behav-
ior. The effect of speed is more significant for neoprene com-
pounds. At room temperature, a change of 16 percent (average
of five tests) in shear modulus was determined for the two test
speeds. At low temperatures, the difference between results
from the slow test and the fast test is generally between 20 per-
cent and 45 percent for neoprene compounds and 15 percent
and 30 percent for natural rubber bearings.

Compression Tests

One of the primary tasks of the low temperature test phase
of this research project is to recommend performance-related
test procedures. For the purpose of developing simple test
procedures, compression tests were conducted in order to
determine if any correlation exists between the stiffening in
shear and the stiffening in compression.

Test Procedure. Attempts at determining the compressive
stiffness of the full-size bearing at low temperatures were not
satisfactory because of the low level of strains introduced.
Therefore, a new setup was designed to test small-size bear-
ings under compression. NEO150 and NEO100 bearings were
cut into pieces of 102 × 102 mm (4 × 4 in.), keeping the thick-
ness unchanged. Two bearings of the same material were sand-
wiched between steel plates. The total displacement of the two
bearings was measured at four points. The axial displacement
of the bearing was computed by averaging the four measure-
ments. These bearings were tested in the cyclic compression
test setup, using only one hydraulic ram for the pair of bear-
ings. The NEO100 bearing was placed on one of the rams and
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the NEO150 bearing was placed on the other ram; thus, both
bearings were tested under identical conditions inside the
freezer. A load maintainer, described in Appendix B of the
research team’s final report, was used to apply compression.
Tests were conducted at −20°C (−4°F). Bearings were condi-
tioned for 10 days, and tests were conducted first after thermal
equilibrium was reached and every day thereafter. A loading
rate of approximately 2 kN (0.4 kips) per second was applied.
Typically one loading cycle was completed in 2 min. Bearings
were loaded to maximum load for two cycles, and the stiffness
was determined from the second loading cycle.

Test Results. Figure 39 depicts the compressive load as a
function of displacement for the compounds tested at room
temperature. Two different procedures were used to calculate
compressive stiffness as illustrated in Figure 39. The com-
pressive behavior is almost linear at small strains. The curves
start to become highly nonlinear above 10 percent compres-
sive strain (a displacement of 7.6 mm [0.3 in.]-total elastomer
thickness is 76 mm [3.0 in.] for two bearings). The slope of the
best-fit line to the data between 1-percent and 10-percent
strain, K1 (or the maximum strain if less than 10 percent), was
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used as the first approach. The second method, K2, was based
on the slope of the straight line between the origin and a
desired strain level.

Figures 40 and Figure 41 compare the normalized stiffness
(i.e., stiffness at low temperature divided by the stiffness at
room temperature) determined from the shear and the com-
pression tests. As explained earlier, shear stiffness was calcu-
lated at three strain levels and it was shown that the normal-
ized shear modulus does not depend on the level of strains at
which the calculations were based. In compression, however,
strain level had a significant effect on the stiffness because of
the nonlinear behavior in compression. Figure 40 presents the
normalized stiffness determined at various compressive strain
levels. Because of the large stiffening of NEO150, data were
not available beyond 4-percent strain from all tests. Also
shown in Figure 40 is the comparison based on the slope of
the best-fitted line to the load-displacement curve between 
1-percent strain and 10-percent strain (or maximum strain if
less than 10 percent), K1. Normalized stiffness based on K1

appears to be a better representation of the compressive
behavior. Large stiffening in compression was observed for
NEO150. The effects of instantaneous thermal stiffening and
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Shear Modulus at 30% Strain, MPa (% change) 

Room Temp. –10oC  –20oC  –29oC  Compound 

Fast Fast Fast FastSlow Slow Slow Slow
1.57(16) 1.35(0) 5.47(50) 3.65(0) - - - -
  6.55(31) 5.01(0) - - - -NEO150 
        
0.88(13) 0.78(0) 1.23(27) 0.97(0) - - 3.64(24) 2.93(0) 
  1.34(30) 1.03(0) - - 3.74(19) 3.15(0) 

 
NR150 
   1.34(22) 1.10(0) - - 1.90(33) 1.43(0) 

0.72(16) 0.62(0) 1.54(21) 1.28(0) 1.07(35) 0.79(0) 2.28(46) 1.56(0) 
0.66(23) 0.54(0) 1.85(19) 1.56(0) 3.38(19) 2.83(0) 2.33(36) 1.71(0) 
-  - 2.17(26) 1.72(0) - - -

 
 
NEO100 

-  - 2.31(25) 1.84(0) -
-
- - -

0.68(15) 0.59(0) 0.85(15) 0.74(0) 0.95(16) 0.82(0) - -NR100 
 -  - 0.85(15) 0.74(0) 1.00(14) 0.88(0) - -

TABLE 7 Results of speed of testing

Figure 39. Compressive behavior of neoprene
compounds. Figure 40. Comparison of results for NEO150.



crystallization are evident for both compounds. The trend of
crystallization stiffening in compression and in shear is very
similar. Although the size of the specimens tested in com-
pression and in shear was different, the normalized stiffness,
a relative measure of stiffness with respect to room tempera-
ture value, is considered to be independent of size. The results
indicate that there is a reasonable correlation between stiffen-
ing in shear and stiffening in compression. Therefore, com-
pression tests can potentially be used to predict the increase
in the shear modulus at low temperatures. The behavior under
compression, expected to be linear at small strains, is not per-
fectly linear, hence stiffness needs to be compared based on
the slope of straight line between 1 percent and 10 percent (or
maximum strain).

Interpretation

Thermal Response of Bearings

Results of this low temperature research revealed that elas-
tomeric bridge bearings are poor conductors of heat and heat
transfer occurs mainly through the thickness of typical-size
bridge bearings. The time required for a bearing to reach SST
is a function of the total elastomer thickness. The effect of
exposure condition on the time to reach SST is not very sig-
nificant. It was shown that thermal response does not depend
on the type of compound and the plan area of the bearing. The
heat transfer response of the bearings to temperature changes
is exponential, leading to significant change in the bearing tem-
perature during the first hour of cooling/heating (Figure 17).

Based on this observed behavior, it can be concluded that
the AASHTO M251 Level 1 test procedure discussed earlier
(shear strain is held for a required 15-min duration before shear
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stress is recorded) does not represent actual performance at the
conditioning temperature. The period for the test permits sig-
nificant heating of the bearings. Figure 17 showed that a bear-
ing with an overall thickness of 44.5 mm (1.75 in.) (total elas-
tomer thickness of 38 mm [1.5 in.]) will heat up from −31°C
to −12°C in 30 min. This would result in a change of about 
50 percent in the shear modulus (in Figure 29, the normalized
shear modulus changed from 8.0 to 3.7 for NEO150 and from
4.0 to 2.2 for NEO100 when the bearing temperature increased
from −30°C to −8°C [Figure 27]). For thinner bearings, the
effect would be even more significant. The M251 Level 1
test does not give a realistic measure of the shear modulus at
the conditioned temperature. Also, the test requires the mea-
sured G be less than G = 0.83 MPa (120 psi) for NR and G =
1.38 MPa (200 psi) for NEO for a 50 durometer bearing with
no provisions for bearings that have durometer hardness other
than 50. Given that the 60 durometer bearings allowed in the
specification frequently have room temperature shear modu-
lus values in excess of 0.83 MPa (120 psi), this test with fixed
limits is unrealistic for such bearings. Therefore it is recom-
mended that this test be eliminated.

Thickness-time curves presented in Figure 19 can be used
to determine the time required for a bearing that has a certain
thickness to reach the equilibrium temperature. The curves
given in Figure 19 can be approximated by the following
equations

where

tSST is the time to reach SST in 1 hr and
h is the total elastomer thickness in inches.

t h
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This information can be used to obtain the instantaneous
thermal stiffness of full-size bridge bearings. The bearing is
conditioned for the duration of time obtained from Figure 19
at a certain temperature, then the shear stiffness tests are con-
ducted to measure the stiffness. Numerical solutions of the
heat transfer equation indicated that the time required to reach
SST is not a function of the temperature range/temperature
difference (i.e., the difference between the initial and the final
temperature of exposure does not influence the time to reach
SST). Examination of the measured temperature data within
the bearing gave a diffusion coefficient of approximately
0.04 mm2/sec (0.0000602 in2/sec).

Low Temperature Stiffness Tests

Extensive experimental research was conducted to deter-
mine the performance of elastomeric bridge bearings at cold
temperatures. Full-size bridge bearings were tested for vari-
ous parameters, including the type of compound, the temper-
ature history, the rate of loading, the time, and the cyclic load-
ing. All the tests were conducted inside a freezer. The results
confirmed that neoprene compounds were more prone to crys-
tallization than their natural rubber counterparts. Because of
continuous stiffening of the neoprene compounds with time,
some bearings did slip, which limited the amount of maxi-
mum shear force that could be experienced by the bearings
without bonded sole plates. This research shows that the per-
formance criteria need to be based on the maximum shear
force for bearings without bonded sole plates. The value of
the maximum shear force depends on the daily temperature
fluctuations, the type of the elastomeric compound, the aver-
age ambient temperature, and the duration of the average
ambient temperature.

Current AASHTO tests require that the shear modulus at
cold temperature be compared with the shear modulus deter-
mined at room temperature. There is a significant discrep-
ancy between the modulus obtained in this research and the
ones provided in the certified reports. The full-scale shear
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test results are compared with the results from the certified
reports in Table 8. The full-scale shear test results indicated
that NEO150 fails the AASHTO crystallization test. The
NEO100 also did not pass the full-scale crystallization test,
but the results are close to the certified results. The full-scale
shear and full-scale crystallization tests showed much greater
instantaneous stiffening at all test temperatures than given by
the ASTM D1043-92 test at −40°C (−40°F).

The temperature-shear modulus response for instantaneous
thermal stiffening is shown in Figure 42. Instantaneous stiff-
ness is measured when bearing thermal equilibrium is reached.
Least-squares curves through the data points give the shear
modulus temperature curves for the materials tested in this
research. The certified reports indicate that the bearings pass
current AASHTO low temperature tests, whereas the test
results showed that NEO150 and NEO100 (Figures 22 and 24)
would fail the current AASHTO crystallization test. Perfor-
mance evaluation of the bearings for cold temperature appli-
cations requires the examination of temperature data of the
location in which the bearings will be installed. In addition,
bearing design should take into account the maximum shear
force that is expected by the bearings.

Loading Rate

Tests performed to investigate the effect of the loading rate
on the performance of the bearings showed that the speed of
testing is an important parameter that influences the behavior
of elastomeric bridge bearings. NCHRP Report 325 included
the effect of relaxation to account for the loading rate effect.
Relaxation and creep properties of the bearings can be used to
estimate the effect of loading rate indirectly (Yakut, 2000).
The results indicated that a slow rate of loading (i.e., longer
test duration) produced smaller shear modulus values. The
significance of the loading rate depends on the type of the
compound and the temperature of exposure. The results of
fast tests need to be lowered to account for the rate of loading.
This reduction should be applied on the basis of crystallization

Test NEO150 NEO100 NR150 NR100 
 Crystallization (after 15 days) 

–10˚C (14˚F) 4.32(3rd day) 3.55 1.6 1.23 

–20˚C  (-4˚F) 10.5 4.8 2.77 1.83 

–30˚C (-20˚F) 9.3(4th day) 4.11(13th day) 3.89(13th day) 2.6(13th day) 

Certified (-15˚F) 2.67 3.33 2.4 2.8 

Instantaneous Stiffening

–10˚C (14˚F) 2.88 1.56 1.42 1.2

–20˚C  (-4˚F) 2.1 1.6 1.78 1.27 

–30˚C (-20˚F) 3.44 2.07 1.9 1.5 

Certified (D1043) 1.23 1.09 1.2 1.1 

TABLE 8 Comparison of tests with the certified report



resistance and the type of the compound (i.e., a greater reduc-
tion should be applied to less crystallization-resistant com-
pounds). The reductions of 30 percent and 20 percent are rec-
ommended for neoprene and natural rubber, respectively.

Methods for Determining Stiffness Properties

Current AASHTO low temperature test procedures need
modifications and the method of evaluation needs to be al-
tered. Identical test procedures should be used to determine
the room temperature and the cold temperature stiffness of the
bearings. The quad shear test procedure (one-way) is the most
realistic test employed by AASHTO to determine the shear
stiffness of the bearings. This test procedure can be used to
determine the instantaneous thermal stiffness of the bear-
ings as well as the crystallization temperature. The evaluation
procedure described previously can be used in conjunction
with the quad shear test or other shear test methods (e.g., the
inclined shear test or dual lap test) to check the performance
of the bearings for a certain application. Compressive stiff-
ness tests conducted in this research indicated that there is a
good correlation between the normalized shear stiffness
(i.e., the low temperature stiffness divided by the room tem-
perature value) and the normalized compressive stiffness of
elastomeric bridge bearings. A shear stiffness test of full-size
elastomeric bearings requires more complicated setups and
equipment, especially for the bearings without bonded sole
plates. Compressive stiffness tests, however, are simple and
can be conducted by using readily available test machines
(e.g., hydraulic compression machines). Therefore, compres-
sive stiffness tests can be used to determine the normalized
shear stiffness of the elastomeric bridge bearings at cold
temperatures. Because of the nonlinear nature of the load-
displacement characteristic of the bearings, the K1 procedure,
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described earlier, needs to be used to compute the stiffness. If
the results of the compressive stiffness test suggest that the
bearing should be rejected, then the direct shear stiffness test
might be conducted.

The British Standard recommends the following expression
to account for the increase in stiffness at cold temperatures
(British Standard, 1983):

where

T is the temperature in centigrade.

A comparison with the results of this research given in
Table 9 shows that Equation 5 is unconservative. Figure 43
shows the comparison of Equation 5 with the results from
this research and from NCHRP Report 325. Equation 5 is
unconservative because it does not take into account the
crystallization and type of compound. Given that the behav-
ior of elastomeric bridge bearings depends strongly on the
compound, a test is necessary to determine the low temper-
ature behavior. It would be unrealistic to suggest equations
to predict the low temperature stiffening.

AASHTO gives three ways to establish the low tempera-
ture grades of elastomers for a certain region in the follow-
ing order of preference:

1. The historic low temperature over a 50-year period,
2. The maximum number of consecutive days the daily

high temperature stays below 0°C (32°F), or
3. The zone maps provided.

The grades for Preferences 1 and 2 are given in Table 2.
Table 10 shows the statistical summary of the records for the
selected regions (Yakut, 2000). The historic low temperature
is −37°C (−34°F), −36°C (−32°F), −33°C (−27°F), and −37°C
(−34°F) for Anchorage, Billings, Chicago, and Minneapolis,
respectively. The grades based on these temperatures would be
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TABLE 9 Comparison of the normalized shear modulus



Grade 3 for Chicago and Grade 4 for the other three cities. On
the other hand, the number of consecutive days below 0°C
(32°F) is 60, 26, 46, and 66 for Anchorage, Billings, Chicago,
and Minneapolis, respectively, suggesting a Grade 4 or 5. The
zone maps provided in AASHTO give a Grade 5 for Anchor-
age and Grade 4 for the other cities.

Performance-Based Testing 
and Acceptance Criteria

Background

The function of elastomeric bridge bearings is to accom-
modate displacements resulting from expansion/contraction
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of the bridge and to transmit forces to the supporting struc-
ture. In typical design, the minimum thickness of the bearings
is determined on the basis of the longitudinal displacement of
the bridge girder using the equation

where

h is the total elastomer thickness,
∆T is the temperature difference,
α is the coefficient of thermal expansion,
γ is the design shear strain,
Lg is the length of the girder, and
∆sc is the displacement resulting from creep and shrinkage.

AASHTO specifies ∆T = 27°C (80°F) for concrete bridges
in cold climates. Common design practice employs a maxi-
mum 50-percent design shear strain limit as specified in the
AASHTO specifications. Therefore, the Lg/h ratio of the bear-
ings designed according to AASHTO does not show too
much variation. In this research, a value of 800 will be used
for Lg/h (e.g., Lg = 30 m [100 ft], h = 38 mm [1.5 in.]) in the
evaluation of the bearings. The design shear force based on
50-percent shear strain is

H G AR R= 0 5 7. ( )

h
T Lg sc=
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Daily Low Temperature(in oF)  

Anchorage, AL 
1953-1993, 1996-
1999 

Billings, MT 
1948-1993, 1996-
1999 

Chicago, IL 
1958-1993, 1996-
1999 

Minneapolis, MN 
1948-1993, 1996-
1999 

Historic low -34 -32 -27 -34 

Historic high 52 62 71 69 

No. of Cons. days 
below 32oF 

60 26 46 66 

Average(µ)  14.94 23.06 25.7 18.57 

St. Dev.(σ) 14.3 15.01 15 17.11 

Prob.(x<-20),% 1.3 (0.27)a 0.79 (0.16) 0.14 (0.03) 1.33 (0.3) 

Prob.(x<-4),% 12.5 (1.15) 7.23 (0.56) 3.84 (0.42) 12.07 (0.82) 

Prob.(x<14),% 44 (2.39) 23.8 (1.4) 20.8 (0.97) 37.45 (1.79) 

 Difference Between Daily High and Low 

Minimum  1 1 1 1 

Maximum  48 63 49 49 

Average(µ)  13.44 19.76 16.68 17.1 

St. Dev.(σ) 5.87 7.84 7.74 7.79 

Prob.(x>20),% 12.8% (2.88)a 41.61 (4.95) 29.75 (4.46) 31.71 (4.04) 

Prob.(x>30),% 0.5% (0.24) 9.64 (2.04) 4.88 (1.01) 5.81 (1.28) 

Prob.(x>40),% 0.03% (0) 1.16 (0.37) 0.25 (0.12) 0.24 (0.08) 

      a Values in parentheses indicate the probability of occurrence 

Figure 43. Natural rubber compounds at −20°C.

TABLE 10 Statistics of the temperature records



where

HR is the design shear force,
A is the plan area of the bearing, and
GR is the shear modulus at room temperature.

The shear modulus and plan area of the bearing are deter-
mined so that the magnitude of the shear force is limited to a
maximum value. At low temperatures, the shear modulus
increases because of the stiffening of the elastomer, which
leads to a concern that excessive shear force may be trans-
mitted to the substructure. The magnitude of the shear force
at cold temperatures is

where

HC is the cold temperature shear force,
GC is the shear modulus,
γC is the shear strain, and
A is the plan area of the bearing.

The GC is a function of the level of the strain, the tempera-
ture, and the duration of the temperature. Additionally, γC is
related to the temperature change (the difference between the
daily high temperature and the daily low temperature, ∆TC ).
Therefore, Equation 8 can be rewritten as

The GC should be obtained from tests at cold temperatures.
The ∆TC is determined from an analysis of temperature records
at the site. The factor of α Lg/h will be taken as 0.0044 for ∆Tc

in °F, and 0.00792 for ∆TC in °C (α = 9.9 × 10−6 mm/mm/°C
[5.5 × 10−6 in./in./°F]).

The concern over low temperature performance of elas-
tomeric bridge bearings can be considered in two ways—the
failure of the bearing because of brittle behavior (i.e., glass
transition) and excessive shear forces experienced by the bear-
ing. The brittle behavior, which is a material property, is a
function of the lowest temperature for a particular elastomer.
The excessive shear force may have two undesirable con-
sequences: (1) damage to the guides and/or the supporting
structure and (2) slip of the bearings without bonded sole
plates. Therefore, a performance evaluation of elastomeric
bridge bearings at cold temperatures should determine
whether excessive forces or slip would be a problem. An
evaluation methodology is described in the following sec-
tion, with emphasis on the parameters that influence the
evaluation.

Objective

AASHTO Specification M251-97 requires that the shear
modulus test be performed at specified temperatures after con-
ditioning the bearings for a certain number of days. The shear
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modulus is required to be less than 4 times the room tempera-
ture value in order to limit the magnitude of the shear force.
The limit of 4 was developed by Roeder et al. by testing one
neoprene compound that stiffened to 11 times the room tem-
perature value in the crystallization test (12 days at −25°C)
(Roeder et al., 1989). That compound, then subjected to one
arbitrary temperature history (10 days at −13°C, then 5 days at
−28°C) and a constant daily 10-percent strain test history, gave
a maximum measured shear force that was 4.6 (not 11) times
the room temperature design shear force. A permissible cold
temperature shear force of 1.5 times the room temperature
value was recommended. The 11/4.6 ratio, which was
assumed constant for all compounds, was multiplied by 1.5 to
give 3.6, which was rounded up to 4. This shear modulus lim-
itation does not adequately consider the level of shear strain
resulting from those thermal expansion and contraction cycles
of a bridge that can be expected at low temperatures. Bearings
that fail the current AASHTO cold temperature tests may per-
form satisfactorily in service, and this satisfactory perfor-
mance may be evident given a more realistic evaluation.

The following sections discuss how a performance-based
evaluation, which is a more realistic representation of the in-
service behavior of the bearings, should be carried out. The
expected performance of a bearing is investigated on the basis
of experimental data available from the tests conducted and
the temperature data of some selected cities.

Parameters Influencing the Evaluation

The performance of the elastomeric bearings at cold tem-
peratures should be evaluated on the basis of the behavior
under cold temperatures and the service conditions that the
bearings will be subjected to during their lifetimes. In this
research, the behavior of the bearings at cold temperatures was
investigated experimentally, at −10°C (14°F), −20°C (−4°F),
and −30°C (−20°F), and the results were presented in the pre-
vious sections. The service conditions, however, depend on the
temperature variation, which is a function of the geographic
location where the bearing will be installed. In this section, the
effect of the temperature variation (i.e., service condition) on
the performance-based evaluation of the bearings is investi-
gated. A performance-based evaluation of the bearings at cold
temperatures depends on the following parameters pertaining
to the temperature record of the selected region:

1. Average daily temperature,
2. Number of consecutive days that the temperature

remains below a certain average daily temperature, and
3. Daily shear strain values resulting from the daily tem-

perature changes.

The temperature records included in this study contain daily
high and daily low temperatures for each day. (The historic
temperature records available from the National Weather
Service were archived in °F, so that format will be used in
this section.)



1. Average daily temperature. Bridge bearings should
be checked against two types of stiffening related to
cold temperature: (1) instantaneous thermal stiffening
resulting from short-term changes in the temperature and
(2) crystallization stiffening that occurs after prolonged
exposures at a certain temperature. Because instanta-
neous stiffening can be critical over a short period of cold
temperature (3 to 15 hr), the performance-based evalua-
tion should be based on daily low temperatures. Results
of this research and previous research indicate that the
lowest temperature is the most critical temperature for
instantaneous stiffening. Therefore, for instantaneous
stiffening, an evaluation temperature should be based
on the historic minimum daily temperature (HL) over a
50-year period or a more conservative lower value.

Crystallization depends on the length of time of expo-
sure, as well as the temperature. The daily low temper-
ature is not appropriate to determine the performance of
bearings for crystallization because this temperature is
not continuous. The average daily temperature reflects a
continuous temperature history better than the daily low
temperature. Therefore, a performance-based crystal-
lization test needs to be based on the average daily tem-
perature record. Figure 44 presents the average daily
temperature histogram of Anchorage, Alaska, for the
period of 1953 through 1999. The minimum average
daily temperature is −31°C (−23°F) in Anchorage. The
determination of temperatures, at which crystallization
tests are to be conducted, requires a thorough analysis
of the temperature data, which will be discussed later.

2. Number of consecutive days. The number of consec-
utive days indicates how long the average daily tem-
perature stays below a specified value and is an impor-
tant parameter that affects crystallization of the
bearings. The significance of the number of consecu-
tive days (i.e., duration) depends on the specified tem-
perature. For example, if the average daily temperature
stays below 5°C for 30 consecutive days, a significant
crystallization (i.e., increase of stiffness with time) will
not occur, because crystallization does not take place at
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such relatively high temperatures. However, if the
bearings were conditioned at −20°C for 10 days, a sig-
nificant crystallization will occur for some elastomers.
The significance of the duration depends on the amount
of the shear strain produced by the daily temperature
changes. Therefore, the number of consecutive days
should be considered along with the daily shear strain
at a specified temperature.

3. Daily shear strain. As shown by Equation 8, the value
of shear strain experienced by a bearing and the value
of the shear modulus determines the magnitude of the
shear force. A bearing in a very cold environment will
not have any problems unless it is strained. The level of
the expected shear strain is a result of the daily tem-
perature fluctuation, which generally is larger at higher
temperatures. Figure 45 presents the maximum daily
shear strains computed for average daily temperatures
≤−10°C (14°F) (Lg/h = 800) based on the Anchorage,
Alaska, data. An equation of the best fit to the data
obtained from a least-squares approximation is also
presented in this figure. Similar evaluations for the four
locations and three specified temperatures are shown in
Figure 46. Generally, the maximum daily shear strain
decreases as the number of consecutive days increases.
Table 11 gives the maximum and the minimum daily
shear strains at −10°C (14°F), −20°C (−4°F) and −30°C
(−20°F). In Table 11, a strain value 5 percent less than
the maximum daily strain (MS) is also shown, which
will be discussed later.

Evaluation of Tested Bearings

The parameters that should be included in a performance-
based evaluation of the bearings were explained above. These
parameters were used to evaluate the expected performance of
bearings tested in this research assuming the bearings were
installed in four cities: Anchorage, Alaska; Billings, Montana;
Chicago, Illinois; and Minneapolis, Minnesota. The full-size
neoprene bearings tested in this research failed the current
AASHTO crystallization tests. The NEO150 bearing stiffened
by a significant factor of 10 (>4) after 2 weeks at −20°C (−4°F)
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as shown in Figure 22. The normalized shear modulus of the
NEO100 bearing was 5 (>4) after 2 weeks at −20°C (−4°F)
(Figure 24). The NR100 and NR150 bearings satisfied the
current AASHTO test requirements.

The performance-based evaluation of the bearings is given
in Appendix B of the research team’s final report. Two per-
formance parameters were considered: (1) the maximum
shear force and (2) possible slip, which is a potential prob-
lem for bearings without bonded sole plates. Steel-laminated
bearings of the size used in the experimental research and
fabricated from NEO100, NEO150, and NR150 material
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were assumed. The numerical results from the maximum shear
force evaluation are summarized in Tables B3, B4, and B5. The
NEO100 bearing, which failed to satisfy the current AASHTO
requirements in the full-size tests, would have performed quite
well in Anchorage, Billings, Chicago, and Minneapolis. The
largest shear force occurred at −10°C (14°F) for the NEO100
bearing because the bearing was exposed to that cold temper-
ature for longer periods and had larger temperature-induced
strains. The shear force normalized by the room tempera-
ture value was generally less than 1.0 at all temperatures for
all specimens, except for the NEO150 bearing (the normal-
ized shear force of the NEO150 was less than 2.0). As shown
in the Objective section earlier, the current AASHTO cold-
temperature stiffening provision, (GC/GR) ≤ 4.0, is based on
an assumed maximum ratio of cold temperature/room tem-
perature shear force of 1.5. On the basis of this current per-
formance requirement and the assumption that only one of
the two support bearings must accommodate all of the move-
ment within the span, the NEO150 bearing used in this
research would only be satisfactory in Chicago. In the other
three cities, the HC /HR > 1.5. If the two bearings share the
bridge movement equally, then even the NEO150 bearing
would perform satisfactorily in all four cities. The results
also revealed that crystallization was not important for the
NR150 material because the normalized shear force was less
than 1.0 at all temperatures. The NR100 material was not
evaluated, because its performance would be even better than
the NR150 material.

The slip evaluation (in Section B7.1 of Appendix B of the
research team’s final report) for the NEO100 material indi-
cated there would be no slip in any of the four cities (see Fig-
ure B29) even though the dead load compressive stress used
in the evaluation was only 1.90 MPa (275 psi). An AASHTO
Method B bearing design assuming G = 0.69 MPa (100 psi)
would permit a dead load stress of 3.7 MPa (540 psi). No slip
evaluation was made for the NR150 bearing because its stiff-
ening characteristics were less than those of the NEO100
bearing. The slip study of the NEO150 bearing did show that
slip would occur only once in the bridge lifetime in each of
the four cities. For the NEO150 bearing a higher dead load
compressive stress was used, 3.45 MPa (500 psi), to account
for the use of a higher shear modulus. The Method B maxi-
mum dead load design stress is 5.7 MPa (820 psi) for this
bearing, with a shape factor of 5.5. The single slip occurrence
is based on the premise that only one of the two end bearings
must support all the bridge movement. If the two end bear-
ings were used, then no slip would occur. Given that the slip
evaluation for this NEO150 material with a normalized GC =
10 after 4 days conditioning (see Figure 22) indicated only
one slip, it appears that slip at cold temperatures is not an
important issue and need not influence the development of
test standards. The use of bearings with unbonded sole plates
provide a means of limiting the maximum shear force to the
slip load. There have been no reports of service failures
associated with slip at cold temperatures.
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The performance-based evaluation indicated that the bear-
ings would perform adequately, even though the neoprene
bearings did not satisfy the current test requirements. There-
fore, it appears that the current cold temperature test require-
ments are too severe, given that bearing materials that will
perform well in service are being rejected.

Development of Testing Criteria

Test Parameters. The shear modulus must be determined
at the cold temperatures and the conditioning periods that
establish the suitability of the bearing material for use at a
particular geographic location. The performance test param-
eters at cold temperatures are test temperature, duration of
conditioning, and level of shear strain. The determination of
these parameters requires an analysis of the temperature data
that contain daily high and low temperatures for a period of
at least 50 years. The method of developing these test param-
eters is discussed in detail in the following section. These test
parameters can then be consolidated into a few grade require-
ments similar to the current system, but it is expected that the
testing conditions will be less severe.

Test Temperature. The test temperature is different for the
instantaneous stiffness tests and the crystallization tests. For
the instantaneous stiffness tests, the test temperature should
be taken as the historic daily low temperature (HL) or a more
conservative lower value. To include the probability of lower
temperatures in future years, a test temperature 5°C lower
than the HL is recommended. The crystallization test temper-
ature should be based on the average daily temperature value.
Because there is an optimum temperature for the fastest rate
of crystallization, performance tests should take into account
the possibility of an optimum temperature. In other words,
the lowest temperature may not be the most critical temper-
ature for crystallization. Most previous research (Murray and
Detender, 1961; Nagdi, 1993; Eyre and Stevenson, 1991) sug-
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gests that −10°C and −25°C are the optimum crystallization
temperatures for neoprene and natural rubber, respectively. In
this research, crystallization of neoprene bearings was signif-
icant at −10°C (14°F) and insignificant at 0°C (32°F). The
maximum crystallization was observed at −30°C (−20°F) for
all bearings. A reasonable minimum crystallization tempera-
ture (MCT) can be selected from the average daily tempera-
ture histogram. A value corresponding to 1-percent cumulative
frequency is recommended as the minimum crystallization
temperature (which is MCT) which is −11°F (−24°C) in Fig-
ure 44. This value has an occurrence rate of 1.6 per year over
a 50-year period (80 total occurrences). The number of con-
secutive days that the temperature stays below the MCT is
generally very small as will be shown in the next section. In
addition, a test conducted at a higher temperature for a
longer period of conditioning might be more critical than 
a test at a lower temperature for a shorter duration. The
NEO100 bearing stiffened about 3.5 times after 12 days at 
−10°C (14°F), whereas the normalized stiffness was about
2.5 after 5 days at −30°C (−20°F) as shown in Figure 24. There-
fore, the test temperature should be considered in conjunc-
tion with the conditioning time. The MCT determined from
the histogram will be different for each histogram, so it would
be more practical to round off this number to a nearest gen-
eral category. To accomplish this, four categories were
selected for the MCT: 0°C, −10°C, −20°C, and −30°C. The
ranges of the MCT that should be rounded off to the nearest
category are shown in Table 12. If the selected category of

MCT from histogram

MCT   5˚C

5˚C ≤ MCT > -5˚C

-5˚C ≤ MCT > -15˚C

-15˚C ≤ MCT > -25˚C

MCT ≤ -25˚C 

MCT rounded off

No Test

0˚C

-10˚C

-20˚C

-30˚C 

Location 

Anchorage Chicago Minneapolis Temperature

strain day strain day strain day strain day

Max. strain (MS)    

Max. strain (MS)    

Max. strain (MS)    

Min. strain

Min. strain

Min. strain

16 1 19.5 1 16 1 19.2 1 

8.4 34 12.5 20 10.5 13 11.2 24 

 
-10˚C 

MS-5

MS-5

MS-5

11 20 14.5 14 11 12 14.2 14 

15.1 1 15.7 1 14.6 1 16.3 1 

8.2 13 5.3 10 10.1 3 9.5 9 

 
-20˚C 

10.1 9 10.7 4 9.6 - 11.3 6 

7.5 1 7.5 1 - - 10.7 2 

6.6 2 4.4 2 - - 9.2 1

 
-30˚C 

2.5 - 2.5 -- - 5.7 -

Billings

TABLE 11 Daily shear strains (%)

TABLE 12 Categories of MCT



MCT is −20°C, then the crystallization temperatures of 
−10°C and −20°C are recommended. For the MCT = −30°C,
the crystallization temperatures should be taken as −10°C, 
−20°C, and −30°C. If the MCT happens to be larger than 
−20°C (14°F), then the crystallization temperature can be
taken as the MCT only (0°C or −10°C). Because the effect
of crystallization is insignificant at high temperatures, tests
need not be conducted when MCT > 4.5°C (40°F) (NCHRP
Report 325).

Duration of Conditioning. To determine the instantaneous
stiffening, the bearings should be conditioned until the bear-
ing temperature reaches the test temperature. The thermal
response of the bearings indicated that a certain amount of
time is required for the bearings to reach the test temperature.
For typical full-size bearings, the time to reach the test tem-
perature, which is a function of the bearing thickness, is 5 to
12 hr. Equation 4 can be used to determine the time to reach
the test temperature. The duration of the crystallization con-
ditioning is a critical parameter to be determined from an
analysis of the temperature data. Regional temperature histo-
grams that contain the frequency of the number of consecutive
days at a certain temperature should be developed. Figure 47
illustrates the regional temperature histogram developed for
Anchorage at −10°C (14°F). The procedure to develop these
histograms is given in Appendix B of the research team’s final
report. The number of consecutive days (NCD) is obtained
from the regional temperature histogram. These histograms
also contain information about the number of occurrences of
a certain strain level. The determination of a particular strain
level is discussed next.

Level of Shear Strain. The amplitude of the shear strain at
which performance tests are conducted must be determined
such that conservative estimates of the shear force are pro-
duced. A test strain value equal to the maximum daily shear
strain (MS) is recommended. Figure 48 presents the shear
force calculated at −10°C (14°F) for the NEO100 bearing,
based on the maximum shear strain values given in Table 11.
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The solid lines represent the shear force calculated at the MS.
The data points represent the actual performance. The shear
force calculated on the basis of the maximum daily shear
strain (MS) gives conservative results for the four cities. The
importance of a certain temperature-induced strain depends
on its number of occurrences over a period. If a large strain
(greater than the slip strain) occurs only a few times over the
lifetime of the bearing, only a few occasions of slip will
occur. Consequently, the frequency of large strains deter-
mines whether or not the strain should be ignored. A critical
strain value of 5 percent less than the maximum historic low
temperature strain (MS-5) is recommended. Regional tem-
perature histograms contain information about the occurrence
of the critical strain level as a function of the number of con-
secutive days at each specified crystallization temperature. In
Figure 47, the maximum daily strain was computed as 16 per-
cent at −10°C (14°F) leading to the critical strain value of 
11 percent. Thus, the histogram of Figure 47 shows the fre-
quency of daily strains larger than 11 percent. The NCD
should be determined on the basis of the occurrence of the
strain level. In Figure 47, the maximum number of consecu-
tive days that the average temperature remained below 
−10°C (14°F) is 34 with a frequency of 2. However, an 
11-percent strain level had not been reached at the end of
this period. Thus, conditioning the bearing for 34 days would
not be appropriate. It is recommended that the NCD have at
least two occurrences at the strain level selected. The NCD
should be selected by taking into account the critical strain
level from the regional temperature histograms developed at
some specified crystallization temperatures.

Testing. All low temperature testing must be conducted in
a closed environment so the temperature can be controlled dur-
ing the test. It is recommended that the current AASHTO low
temperature brittleness test, ASTM D746−95, Method B, be
retained as a quality control test for all bearing materials. For
low temperature stiffening, the current AASHTO specifica-
tions require two different tests: instantaneous stiffening
(ASTM D1043-92) and crystallization stiffening (ASTM
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D4014-89, modified), a quad shear test. The instantaneous
test is supposed to measure the shear modulus as soon as the
temperature within the test sample reaches the desired level.
The crystallization test merely conditions the bearing at a con-
stant specified low temperature for a specific number of days
before testing the bearing stiffness. Given that both of these
current tests provide a measure of shear stiffness, they can be
replaced by a single test method—any of four shear modulus
tests listed in Table 13, which gives the general low tempera-
ture test requirements. Because a ratio between the low tem-
perature and the room temperature is specified in the test
requirements, a compression test as presented in Appendix B
of this report can also be used to determine this ratio. The
compression test is more suitable for smaller samples cut
from the full-size bearing as discussed earlier.

The secant shear modulus at low temperature GC should be
determined at 15 to 20 percent. This strain level is consistent
with the strains expected in a low temperature service envi-
ronment and will permit more options for adhesives needed
for specimen preparation. For full-size elastomeric bridge
bearings, the time required to reach SST (tSST) can be com-
puted from Equation 4 or the simplification given in Table 13.
For small test samples where the plan area is less than one-
fifth of the plan area of the full-size bearing, tSST can be
reduced by 20 percent.

The HL (historic low temperature), NCD (number of con-
secutive days) at CT (crystallization temperature), the test
requirements, #1, #2, and MS (maximum daily strain) are all
derived from the temperature history. The details (i.e., test
temperature and conditioning time) depend on the current
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grading system, which is based on the temperature history at
the site under consideration. The basic performance criteria
herein, which have the same premise as the current criteria,
require that the low temperature shear force (Equation 8) be
equal to or less than 1.5 times the acceptable room tempera-
ture shear force (Equation 7). Using the adjustment factor 0.7
for neoprene, developed earlier to account for the fast load-
ing rate used in the shear modulus test, the crystallization
performance criterion, #2, can be developed as follows:

The maximum cold temperature strain γC is derived from the
maximum daily temperature change at the site for the particu-
lar CT. From Table 11, for Anchorage, γC = 0.16, so Equation
10 becomes (GC /GR) ≤ 6.7, not 4.0 as currently required. In
addition, the test parameters from the temperature record defin-
ing the low temperature shear modulus GC are also signifi-
cantly reduced: 22 days at −10°C compared with the current
Grade 4 (21 days at −37°C) or Grade 5 (28 days at −37°C). It
is not clear which of these two current grades should be applied
to Anchorage. The #1 requirement can be derived in a similar
manner. To implement the recommended method as illustrated
for Anchorage, the temperature histories of numerous locations
should be evaluated as presented in this section and Appendix
B of the research team’s final report in order to produce an
accurate Low Temperature Grade Map. The ratio GC /GR can
be determined from any of the four shear modulus setups or the
compressive stiffness test in Appendix B of this report.
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CREEP OF ELASTOMERIC BEARINGS

Introduction

All elastomers exhibit the undesirable behavior of creep (or
continuing time-dependent deformation under constant load)
and stress relaxation (or time-dependent decay in stress at con-
stant deformation). The processes contributing to creep and
relaxation behavior of rubber are both physical and chemical
in nature (Derham, 1973; Curro and Salazar, 1977). Under
ambient temperature, physical processes dominate the relax-
ation of rubber; at elevated temperatures, chemical processes
dominate. Derham (1973) and Freakley and Payne (1978) have
noted that physical relaxation usually decreases linearly with
the logarithm of time, while chemical relaxation is approxi-
mately linear with time. The physical relaxation rates depend
on the difference between the service temperature and the glass
transition temperature under static conditions. The creep and
relaxation rates are high near the glass transition temperature
and decrease as the temperature rises. The rate of creep and
relaxation depends on the mode of deformation. For the same
stress, creep is highest in tension and lowest in compression.
Reinforcing fillers (e.g., carbon black) in rubber increases the
relaxation rate. The relaxation rate of rubber swollen with
appropriate solvent is higher as compared with dry rubber.

The creep of elastomers has generally been studied by
applying a constant load for a long period and measuring the
deflection at specified intervals. There is some controversy on
the definition of creep. In the rubber industry, creep is defined
as the increase in deformation after a specified time interval
expressed as a percentage of test piece deformation at the start
of that time interval. In other industries, creep is defined as the
increase in deformation expressed as a percentage of original
unstressed thickness of the test piece. ISO 8013 has both def-
initions, called creep increment and creep index, respectively.
AASHTO (1998) uses the first definition and estimates the
creep to 45 percent and 25 percent of the instantaneous defor-
mation for 70 and 50 durometer hardness, respectively. Based
on the results of a 2-year ongoing creep study conducted 
on full-scale laminated elastomeric bearings, Takayama et al.
(1998) reported that, under axial stresses of 10.8, 14.8, and
19.7 MPa, the maximum creep deformation was about 0.15
percent to 0.6 percent of the total rubber thickness.

Creep can be measured under compression load or shear
load. In the international standard, the test pieces for mea-
surements in compression are discs either 29 mm (1.1 in.) in
diameter and 12.5 mm (0.50 in.) thick or 13 mm (0.5 in.) in
diameter and 6.3 mm (0.25 in.) thick, the same as used for
compression set. It is optional whether the test pieces are
bonded to end plates (i.e., the measurements can be made with
no slippage at the compressed surfaces or with some slip,
lubrication being recommended). The essential requirements
for the apparatus in compression tests are that one compres-
sion plate is fixed and the other is free to move without fric-
tion. The force must be applied smoothly and without over-
shoot and the mechanism must be such that the line of action
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of the applied force remains coincident with the axis of the test
piece as it creeps. The compression of the test piece should be
measured to ±0.1 percent of the test piece thickness. For mea-
surements in shear, a double sandwich test piece is used, pre-
ferred dimensions being 25-mm diameter and 5-mm thickness.
The apparatus for measurements in shear is essentially the
same as for compression, except for the differences in geom-
etry of the test piece and its mounting. The international stan-
dard recommends that the test piece be mechanically condi-
tioned by straining five times to a higher strain than used in the
test between 16 and 48 hr before the test, which will remove
any irreversible behavior. A force is applied within 6 sec such
that an initial strain of 20 ± 2 percent is realized. The defor-
mation of the test piece is measured after 10 min with further
measurements after 10, 100, 1000 min, and so forth. There are
no particular load fixtures, and there is no method suggested
for estimating the long-term deflection.

The standard creep test is basically a quality control test
and cannot be used to predict the behavior of full-size bear-
ings because the shape factor, boundary conditions, loading
conditions, and exposure conditions (e.g., temperature) of
the full-size bearings can vary considerably as compared
with the test specimen. The objective of the present study is
to investigate the creep behavior of bridge bearings and pro-
pose a method to predict creep of such bearings based on
small-scale testing. To understand the long-term behavior of
bridge bearings under sustained axial loads, full-scale testing
of selected bridge bearings was performed. The methodology
and results of this study are summarized herein. Full-scale
creep tests are time consuming, uneconomical, and specific
to the bearings tested. Given that creep of elastomers is a
material property, creep must be controlled by imposing lim-
itations on the time-dependent shear modulus. A short-term
method to predict long-term creep of elastomeric bearings
based on the time-dependent shear modulus is suggested.

Full-Scale Creep Tests

Test Setup and Procedure

The full-scale creep tests were performed on bearings with
smooth unbonded top and bottom surfaces and fully bonded
top and bottom surfaces. Thus two extreme boundary condi-
tions were considered. Bearings made from NEO100 (53),
NEO200 (70), NR100 (52), and NR200 (66) were tested
(please note that the Shore A durometer hardness is given in
parentheses). The plan dimensions of the test specimens were
213 × 340 mm with no cover at the edges so that the shims
were clearly visible on all four sides. Figures 49, 50, and 51
show the test setup. Bearings were stacked between a hydrau-
lic ram with an 8900 kN (2000 kip) capacity and a support
frame. The ram was pressurized by a constant weight hanging
as shown schematically in Figure 49. The bearings were sep-
arated by means of smooth 12.7-mm (0.5-in.)-thick  aluminum
plates. The axial deflection of each bearing was recorded with
respect to time. The deflection at the center of the bearing was
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Figure 49. Schematic of test setup (mm).

Figure 50. Creep test setup.



calculated from the relative displacement between the top and
bottom plate surfaces by four calibrated linear pots and the
load was measured by a load cell. The data were acquired by
a data acquisition system that simultaneously scanned the data
channels at predetermined time intervals.

A buckling analysis was performed to estimate the maxi-
mum number of bearings that could be tested at a time. This
calculation predicted a maximum number of six bearings in a
stack. About 6 months of pilot testing was performed wherein
six bearings, with and without top and bottom surfaces
bonded, were tested at a time. The results of pilot testing indi-
cated that there was a significant amount of friction in the load-
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ing system and the load increased with time (10–15 percent
in 1 month of testing period). Also there were some minor
leaks in the hanging weight system that caused the weight to
slide down gradually with time and eventually hit the bottom
of the cylinder. The total time for the weight to translate its full
stroke was about 1 month. Also bearings at the top and bottom
of the stack showed considerable end effects.

To account for these deficiencies in the test setup, the vari-
ation of load was included in the creep calculations. In order
to ensure monotonically increasing load and eliminate cyclic
effects, the duration of testing was limited to 1 month each for
bonded and unbonded bearings. The initial intent of placing
six bearings was to have two replicates; however, because of
end effects, this idea was dropped. The two stiffer replicate
bearings were placed at the ends of the stack for stability rea-
sons and to mitigate end effects for the four test bearings:
NR200, NEO100, NR100, and NEO200. A weight was hung
and maintained for 30 days to produce the intended maximum
axial load. The measured load varied from 310 to 370 kN (69.7
to 83.1 kips) as shown in Figure 52 for NR100 because of fric-
tion in the loading system. The corresponding average bearing
stresses were 4.29 to 5.12 MPa (0.622 to 0.743 ksi), which is
roughly the maximum design compressive stress (shape factor
= 5.15) for the NEO100 or NR100 unbonded bearings.

Results of Full-Scale Creep Tests

The results of the creep tests for NR100 with bonded 
top and bottom surfaces are shown in Figures 52 through 54.
Figure 53 shows a plot of axial deflection versus time, while 
Figure 52 shows a plot of axial load versus time. These two fig-
ures are combined in Figure 54, which also shows the results
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Figure 51. Creep test setup—close-up.

Figure 52. NR100 with bonded sole plates—axial load vs. time.



of a regression analysis and the regression equations that
relate the total deflection to time and load variation in the
region of the measurements. Other plots, similar to Figure 54,
for NR100, NEO100, NR200, and NEO200 are included in
Appendix E of the research team’s final report. The form of
the regression equation is the same for all bearings as follows:

where

z = total axial deflection (mm),
x = time (min),

ln ln ln ( )z a b x c y( ) = + ( ) + ( ) 11
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y = axial load (kN), and
a, b, and c= the regression coefficients tabulated in

Table 14.

The coefficients of correlation, R, shown in Table 14 sub-
stantiate the validity of this equation in the range of loading
under consideration.

The predicted instantaneous deflections and creep deflec-
tions after 1 hr, 30 days, and 25 years using the regression
equations for the test bearings under a constant 350 kN axial
load are tabulated in Table 15. Creep deflection expressed as
a percent of instantaneous deflection (deflection at 1 min) for
various bearings and end conditions is tabulated in Table 16.
Creep deflection expressed as a percent of total deflection
after 1 hr for various bearings and end conditions is tabulated
in Table 17. Creep deflection expressed as a percentage of
original unstressed rubber thickness for various bearings and
end conditions is tabulated in Table 18.

Findings of Full-Scale Creep Tests

The results of the full-scale creep tests show that time-
dependent deformation of elastomeric bearings is signifi-
cant. Both natural rubber and neoprene bearings fabricated
from low or high durometer rubber deform significantly
because of elastomer creep as shown in Table 16. Bearings
with bonded top and bottom surfaces exhibited considerably
less creep deformation compared with bearings placed on
smooth unbonded top and bottom surfaces. The axial deflec-
tion of unbonded bearings was about twice as much as the
axial deflection of bearings with bonded sole plates. With-
out creep, the unbonded bearings would be expected to have
about 30 percent more axial displacement than the same

1
10

100
1000

10000

TIME (m
in)

330335340345350355360365370

AXIAL LOAD (kN)

1.7

1.7
1.75

1.75
1.8

1.8
1.85

1.85
1.9

1.9
1.95

1.95
2

2
2.05

2.05
2.1

2.1
2.15

2.15

A
X

IA
L 

D
E

F
LE

C
T

IO
N

 (
m

m
)

A
X

IA
L 

D
E

F
LE

C
T

IO
N

 (
m

m
)

lnz=a+blnx+clny, x=time, y=load, z=deflection
r2 =0.99502418  DF Adj r2 =0.99474775  FitStdErr=0.0087285296  Fstat=5499.2276

a=-4.4101992 b=0.010773382 
c=0.85437165 

1.7

1.75

1.8

1.85

1.9

1.95

2

2.05

2.1

2.15

1 10 100 1000 10000 100000

TIME (min)

A
X

IA
L

 D
E

F
L

E
C

T
IO

N
 (

m
m

)

Figure 53. NR100 with bonded sole plates—axial deflection vs. time.

Figure 54. NR100 with bonded sole plates—creep tests
data and regression results.
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Regression Coefficients 
Bonded Top and Bottom Surfaces Smooth Unbonded Top and Bottom Surfaces 

Bearing 
Type 

a b c R2  a b c R2 
NR100 -4.4102 0.010773 0.854372 0.995 -2.63104 0.018138 0.634728 0.996
NEO100 -4.0886 0.009053 0.802724 0.987 -2.0482 0.016151 0.537228 0.986 
NR200 -5.49775 0.012885 0.955414 0.99 -3.65523 0.023189 0.727482 0.993 
NEO200 -5.05718 0.01178 0.874482 0.991 -3.05407 0.02152 0.618314 0.993 

Axial Deflection (mm) at Various Times for 350 kN Axial Load 
Bonded Top and Bottom Surfaces Smooth Unbonded Top and Bottom Surfaces 

Bearing 
Type 

1 min 1 hour 30 days 25 years 1 min 1 hour 30 days 25 years 
NR100 1.812 1.894 2.033 2.162 2.966 3.194 3.599 3.993
NEO100 1.847 1.917 2.035 2.143 3.001 3.206 3.565 3.910
NR200 1.104 1.164 1.267 1.364 1.834 2.016 2.349 2.682
NEO200 1.068 1.120 1.211 1.295 1.765 1.927 2.220 2.511

Percent Creep Deflection at 350 kN Axial Load 
Bonded Top and Bottom Surfaces Unbonded Top and Bottom Surfaces 

Bearing 
Type 

1 hour 30 days 25 years 1 hour 30 days 25 years 
NR100 4.51 12.19 19.31 7.71 21.36 34.62
NEO100 3.78 10.15 16.00 6.84 18.81 30.31
NR200 5.42 14.74 23.52 9.96 28.08 46.24
NEO200 4.94 13.40 21.30 9.21 25.82 42.30

Percent Creep Deflection at 350 kN Axial Load 
Bonded Top and Bottom Surfaces Unbonded Top and Bottom Surfaces Bearing Type 

30 days 25 years 30 days 25 years
NR100 7.35 14.17 12.67 24.99
NEO100 6.14 11.78 11.21 21.97
NR200 8.85 17.17 16.48 33.00
NEO200 8.06 15.59 15.21 30.29

Percent Creep Deflection at 350 kN Axial Load 
Bonded Top and Bottom Surfaces Unbonded Top and Bottom Surfaces 

Bearing 
Type 

1 hour 30 days 25 years 1 hour 30 days 25 years
NR100 0.21 0.58 0.92 0.60 1.66 2.70
NEO100 0.18 0.49 0.78 0.54 1.48 2.39
NR200 0.16 0.43 0.68 0.48 1.35 2.23
NEO200 0.14 0.38 0.60 0.43 1.20 1.96

TABLE 14 Regression coefficients in Equation 15 for various bearings

TABLE 15 Deflections from Equation 15 for 350 kN load

TABLE 16 Creep deflection expressed as percent of instantaneous deflection

TABLE 17 Creep deflection expressed as percent of 1-hr deflection

TABLE 18 Creep deflection expressed as percent of original unstressed rubber thickness



bearings with bonded sole plates. In bonded bearings the
time-dependent deformation results mainly from material
creep whereas not only material creep but also gradual slip
at the top and bottom surfaces with time significantly con-
tributes to the time-dependent deformation of unbonded
bearings. The rubber is almost incompressible, so the axial
deformation of bearings results from bulging of the rubber
that is controlled by the constraints imposed by top and bot-
tom contacting surfaces. The slip of the top and bottom bear-
ing surfaces with respect to the contacting surfaces gives rise
to additional bulge as shown in Figure 55. In the unbonded
specimens, the bearings have two layers with unbonded sur-
faces (exterior layers) and one interior layer. The external
metal contact surfaces are very smooth. All rubber layers have
the same thickness, so the two external layers would be
expected to contribute at least 75 percent of the initial deflec-
tion. As the number of internal rubber layers increase, the
influence of the creep in the external layers on the overall
creep deflection will diminish.

As expected, high modulus bearings show higher percent
creep than do low modulus bearings because of a higher
carbon black (filler) content (refer to Tables 16 and 17). For
example the 30-day creep of NR200 is 15 percent as compared
with 12 percent for NR100, while 30-day creep of NEO200 is
13 percent as compared with 10 percent for NEO100. These
numbers refer to bearings with bonded top and bottom surfaces
based on instantaneous deflection. The absolute creep defor-
mation of high modulus bearings is lower than that of the low
modulus bearings as shown in Table 15. So, if the designer is
interested in small absolute creep deformation, high modulus
bearings can be used. Neoprene bearings show slightly less
creep as compared with natural rubber bearings, however the
difference is not significant (see Tables 16 and 17). The per-
cent creep deflection is insensitive to small fluctuations of
loads; however, for large load variations, the creep deforma-
tion at higher loads will be higher as compared with the lower
loads. For example, bearings subjected to a compressive stress
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of 7.6 MPa (1.1 ksi) will exhibit slightly more creep defor-
mation (1 to 3 percent higher) as compared with bearings sub-
jected to a compressive stress of 6.9 MPa (1.0 ksi).

Table 14.7.5.2-1 in the AASHTO LRFD Bridge Design
Specifications (1998) provides criteria to evaluate creep de-
flection at 25 years expressed as percent of instantaneous
deflection when test data are not available, 25 and 45 percent
for 50 and 70 durometer bearings, respectively. The bearings
with bonded top and bottom surfaces meet these criteria,
while bearings placed on smooth top and bottom surfaces
marginally fail to meet these criteria (except NEO200). The
smooth surface, as in the case of smooth aluminum plates, is
an extreme situation. In reality, the surfaces will not be that
smooth and the bearings will probably meet the creep crite-
ria. However, it must be emphasized that the unbonded end
surfaces result in highly uncertain boundary conditions.

The effects of creep and relaxation on overall bearing per-
formance are (a) an increase in axial displacement, (b) a reduc-
tion in shear force, and (c) an increase in indirect shear strains
and reinforcement stresses. From a performance point of view,
an increase in axial displacement is more important as long
as internal stresses and strains are within allowable limits.
For single-span, simply supported girders, excessive creep can
cause misalignment in adjacent spans; for multispan contin-
uous girders, excessive creep affects the moment distribution
in the girder. Reduction in shear force is generally beneficial;
however, it can affect the performance of a bearing seated on
a sloping abutment. The true instantaneous deformation of an
elastomeric bearing is very difficult to measure because a
considerable amount of creep occurs within the first few min-
utes of loading. AASHTO specifications compare the creep
deformation with the instantaneous total deformation of the
bearing. A better criteria for creep is to compare the creep
deformation with the total deformation after 1 hr of loading
as shown in Table 17, because the full dead load on the bear-
ings is associated with the deck pour that is applied in a mat-
ter of hours not minutes.

Small-Scale Relaxation Tests

Creep is a material property, so it must be considered
during the design phase of the bearings. Given that time-
dependent behavior of an elastomeric bearing is governed by
time-dependent shear modulus, limitations must be imposed
on the variation of shear modulus over time, rather than on
axial deflection. This way not only will the axial deflection be
controlled but the shear stiffness will also be controlled. This
section describes a test method to calculate time-dependent
shear modulus and suggests a simple method to estimate long-
term creep deformation using the time-dependent shear mod-
ulus. This method is applicable for bearings where the creep
deformation results mainly from material creep as in the case
of bearings with bonded top and bottom surfaces. The time-
dependent shear modulus, also known as relaxation shear
modulus, was determined by means of a stress relaxation test

Figure 55. Bearings with unbonded top and bottom
surfaces after 1 month of sustained loading.
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in simple shear wherein the strain was kept constant while the
stress was measured over time. A 6-hr stress relaxation test
was found adequate to predict the long-term shear modulus.

Test Setup and Procedure

The shear specimen shown in Figure 56, hereafter referred
to as 1 × 1, was used for the stress relaxation tests. Specimens
using NR100, NEO100, NR200, and NEO200 unvulcanized
rubbers were molded and cured at 127°C for 3 hr. Lords Cor-
poration’s Chemlok 205/220 rubber-to-metal bonding agents
were used to bond the rubber to the metal plates during the vul-
canization process. A compression molding process was used
to fabricate the specimen. Prior to molding, the three metal
bars were sand-blasted and thoroughly cleaned using vapor
degreasing and a chemical rinsing system. The primer 205 and
adhesive 220 were applied per Chemlok specifications. These
surface preparation and bonding agents were the same as those
used in the fabrication of the full-size bearings. The specimens
were tested in a closed-loop system. Figure 57 shows the test
setup. An environmental chamber was used to control the test-
ing temperature precisely. In order to find the strain depen-
dence of the relaxation modulus, the relaxation shear modulus
was measured at three shear strain levels: 50 percent, 100 per-
cent, and 150 percent, respectively.

The same test procedure was used for all four types of rub-
bers. The test specimen was attached to the displacement-
controlled test machine fixtures within an environmental
chamber and an SST temperature of 32°C was maintained
during the test to be consistent with the temperature for the
full-size tests. The specimen was loaded to 150-percent
shear strain 10 times at 10 percent strain/sec to eliminate the
Mullins effect (Mullins, 1987). This was done only once for
each specimen tested. The specimen was loaded to 50-percent
strain level in 1 sec and the stress relaxation test was started.
The strain level was maintained at 50 percent while the stress

and elapsed time was recorded for 6 hr using an automated
data acquisition system. The relaxation modulus was calcu-
lated as the ratio of stress/strain at pre-determined times.
The strain was constant, while the stress was varying with
time. The relaxation test was repeated at 100-percent and
150-percent strain levels.

Test Results

Plots of shear modulus versus time at the three different strain
levels were prepared, and a sample plot is shown in Figure 58.
The shear modulus changes from about 0.63 MPa to 0.55 MPa
in the first 5 min and then to 0.51 MPa in the next 355 min. The
experimentally determined values of relaxation modulii at 1,
60, and 360 min at various strain levels for NR100, NEO100,
NR200, and NEO200 are tabulated in Table 19. This table also
shows the values of relaxation modulii experimentally deter-
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mined for two other sizes of specimens (2 × 2 and 3 × 3) that
were cut from the full-size bearings and cold-bonded to the
pull plates. Details of these specimens are given in the sec-
tion on Aging.

If the first 30 min of relaxation modulus versus time data
are excluded, a simplified power law of the following form
can be conservatively used to predict the relaxation modulus
at times greater than 30 min.

where a and b are coefficients determined from the experimen-
tal data. Equation 12 is very attractive for practical purposes
because it represents a straight line on log paper as follows:

Figure 59 shows a plot of log (G(t)) versus log(t) using the
test data for the 1 × 1 NR100 at 50-percent strain level and a
straight line fit using the method of least squares. The regres-

log log log ( )G t a b t( )( ) = ( ) + ( ) 13

G t atb( ) = ( )12
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sion coefficients in Equation 12 for various rubbers and
strain levels for the 1 × 1 specimen are tabulated in Table 20.
Figure 60 shows the curve fitting of Equation 12 for NR100
at 50-percent strain.

Table 21 shows the shear modulii after 1 hr, 30 days, and
25 years for NR100, NEO100, NR200, and NEO200 rubbers
at 50-percent shear strain levels as predicted using Equation
12 based on the 1 × 1, 2 × 2, and 3 × 3 specimen 6-hr stress
relaxation data. The values for the 2 × 2 are shown as a ratio
of 1 × 1 to 2 × 2 modulus, while the values for 3 × 3 are
shown as a ratio of 2 × 2 to 3 × 3 modulus. The shear mod-
ulii determined for the 2 × 2 and 3 × 3 specimens cut from
the full-size bearing are very similar (ratio is close to 1.0).
The 1 × 1 modulii are about 10 percent lower than the larger
specimens for NR100, NEO100, and NR200 and 15 percent
lower for the NEO200 specimens. The difference between the
1 × 1 and the larger specimen can be attributed to the fact that
1 × 1 specimens were vulcanized as part of this research and
the 2 × 2 and 3 × 3 specimens were cut from manufactured
bearings. All specimens within each rubber type presumably
came from the same rubber batch.

Prediction of Creep Deformation

The instantaneous axial deformation (i.e., deformation at 
1 hr) of an elastomeric bearing is generally known either by a
physical test or design calculations. The average shear mod-
ulus is also known at the time of initial design. If the defor-
mation at time t1 (1 hr) is known, an estimate of the long-
term axial deformation at any time t can be approximated as
follows:

where dt1 and dt are the axial deformation at time t1 and t,
respectively, while Gt1 and Gt are the shear modulus at times
t1 and t, respectively, calculated using Equation 12. Assum-
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1x1 Shear Specimen Specimen Time 

(min) 
50 % Strain 100 % Strain 150 % Strain 

2x2 Shear 
Specimen 

(50 % Strain) 

3x3 Shear 
Specimen  

(50 % Strain) 
1 0.5768 0.5583 0.5464 0.6164 0.6338 

60 0.5284 0.5077 0.4915 0.5654 0.5793 NR100 
360 0.5144 0.4932 0.4760 0.5532 0.5656 

1 0.6799 0.6717 0.7322 0.6911 0.7086 
60 0.6129 0.6019 0.6531 0.6516 0.6593 NEO100 

360 0.5989 0.5860 0.6330 0.6385 0.6447 
1 1.1415 1.0371 1.2189 1.2500 1.1717 

60 1.0069 0.9088 1.0695 1.1012 1.0328 NR200 
360 0.9753 0.8776 1.0305 1.0691 1.0023 

1 1.1173 1.1383 1.8304 1.3222 1.2836 
60 0.9998 1.0057 1.6145 1.1720 1.1451 NEO200 

360 0.9712 0.9739 1.5584 1.1378 1.1163 

Figure 58. Relaxation test data for NR100 at 50-percent
shear strain and 32°C.

TABLE 19 Experimentally determined values of relaxation shear modulus



ing that the instantaneous axial deflection is the 1-hr value
given in Table 15 for full-size bearings, Figure 13 shows the
predicted axial deformation after 30 days for the NR100,
NEO100, NR200, and NEO200 bearings, with bonded top
and bottom surfaces, at 50-percent strain using Equations 12
and 14. Table 22 shows the predicted axial deformation ex-
pressed as percent of the 1-hr deflection for various bearings
with bonded top and bottom surfaces using Equation 14. The
30-day deflection can be predicted conservatively within 3 to
4 percent based on Equations 12 and 14 and the 6-hr relax-
ation test. The 25-year estimate is 5 to 7 percent conservative.
Figure 61 shows that the size of the specimen used for the
stress relaxation test has an insignificant effect on the pre-
dicted deflection. Also, the test temperature was 32°C, but
additional tests at other temperatures (Kumar, 2000) show
that room temperature tests would give about the same result.

A 6-hr test method has been developed, using Equations 12
and 14, that gives a fairly accurate estimate of axial creep
deformation for bearings with bonded top and bottom sur-
faces. The long-term deflection is directly related to the long-
term shear modulus determined from the 6-hr relaxation test.
A draft test method for predicting creep deflection is given in
Appendix C of this report. If the instantaneous deflection in the
AASHTO bridge specifications is defined as a 1-hr deflection,
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then Table 23 shows the limitation on the 6-hr time-dependent
shear modulus corresponding to the AASHTO creep recom-
mendations. The test method can also be used to determine the
basic shear modulus and the adequacy of the shear bond
between the elastomer and the steel laminates. For bearings
with unbonded top and bottom surfaces, the friction at the con-
tact surface plays an important role and the long-term axial
deformation is highly unpredictable. More research is needed
to predict the long-term behavior of such bearings.

EFFECTS OF AGING ON 
ELASTOMERIC BEARINGS

Introduction

All elastomers are attacked by oxygen, even at room tem-
perature, and heat, light, and the presence of certain metallic
impurities accelerate the reaction. This process is called aging.
Degradation of physical properties is observed in elastomers
even at quite low levels of oxidation. The changes observed
vary considerably depending on the specific elastomer and the
aging conditions to which it is subjected. Most elastomers
harden and eventually embrittle as a result of aging (Hamed,
1992; Shelton, 1972). Since aging is related to the oxidation

Regression Coefficients 
50% Shear Strain 100% Shear Strain 150% Shear Strain Specimen 

a b a b a b 
NR100 0.561126 -0.01481 0.543704 -0.01652 0.530035 -0.01848 
NEO100 0.648426 -0.01374 0.641033 -0.0155 0.70225 -0.01774 
NR200 1.086329 -0.01856 0.987704 -0.02019 1.166732 -0.02129 
NEO200 1.070865 -0.01673 1.083917 -0.01836 1.755371 -0.02036 
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Figure 59. Least-squares fit of Equation 17 for NR100 at 50-percent strain 
and 32°C.

TABLE 20 Regression coefficients for Equation 16



process, the rate and extent of diffusion of oxygen through the
elastomer governs the change in properties due to aging. The
rate of diffusion depends on temperature, pressure, exposed
surface area, and permeability of the elastomer. In the case of
elastomeric bearings, oxygen ingress is generally limited to a
thin layer of exterior edge surface only because of the small
exposed surface area (relative to loaded area) and low perme-
ability of the elastomer. Given that heat accelerates the oxida-
tion process, heat aging (also known as accelerated aging) has
been used to predict the long-term elastomer properties at
ambient temperatures.

There are several standardized tests available for quality
control and for determining heat resistance or aging. ASTM
D573, which is specified by AASHTO M251-97, describes a
test procedure to determine the influence of elevated tempera-
ture on the physical properties (i.e., hardness, elongation at
break, and tensile strength) of vulcanized rubber. Specimens
of vulcanized rubber are exposed to the deteriorating influence
of air at specified temperatures for known periods of time, after
which their physical properties are determined. These are com-
pared with the properties measured on unaged specimens and
changes are noted. The changes should be below the specified
requirements. ASTM D573 itself neither specifies the value
of the exposure temperature nor the aging time. AASHTO
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M251-97 specifies the different periods of exposure time and
temperature as well as the different tolerances for the changes
in the physical properties for neoprene and natural rubber as
summarized in Table 24. The specified aging time, tempera-
ture, and tolerances are different for natural rubber and neo-
prene. The international standard for heat aging is ISO 188
(1982), which specifies an air oven and an oxygen bomb
method. The equivalent British standard, BS 903: Part A19
(1986) is identical.

Moakes (1975) reported changes in tensile modulus, ob-
served over a 15-year period, of small specimens of different
elastomers in temperate, tropical, and desert conditions. He
reported that the aged tensile modulus increased between 
60 percent and 100 percent compared with unaged values for
nitrile and between 20 percent and 110 percent compared with
unaged values for natural rubber. Accelerated aging tests were
performed on each elastomer at 70° and 82°C (158° and
180°F). For nitrile, he found that 14 days at 82°C (180°F)
appeared to be equivalent to 10 years of aging in tropical tem-
peratures and that use of aging temperatures above 100°C
(212°F) would give misleading results. Barker (1988) aged
four natural rubber compounds at 23°C (73°F) over 5 years
and reported increases in tensile modulus in the range of 10 to
75 percent. The results were compared with Arrenhius-based
predictions (such predictions will be discussed later) from
measurements taken at an accelerated aging temperature of
40°C (104°F). He observed that the lower aging temperature
of 40°C (104°F) compared with the usual 70°C (158°F) or
higher temperature provided a better basis for predicting
changes in modulus. Hogan et al. (1997) performed a more
direct study on the effects of aging on elastomeric bearings
used in oil field applications. They predicted the 30-year
changes in the shear modulus of nitrile and natural rubber elas-
tomer compounds using the time-temperature reaction rate
transformation applied to controlled-aging experiments. Sev-
eral different experimental techniques for obtaining the neces-
sary measurements of accelerated material behavior were
employed and compared. Different analytical techniques for
characterizing rate changes over time and temperatures were
applied to the measured data and significantly different results
were obtained, depending on the assumptions. Changes in the
accelerated aging temperatures, the relative availability of
oxygen to the test specimen during aging, and the size of the
test specimen had a significant effect on the results.

G(t)=at^b, G(t) = Shear Modulus at time t

a=0.56112577 

b=-0.014808295 
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Figure 60. Regression analysis using Equation 16 for
NR100 at 50-percent strain.

Shear Modulus (MPa) Shear Modulus Ratio 
1x1 Specimen Ratio of 1x1 to 2x2 Ratio of 2x2 to 3x3 Specimen 

1 
hour 30 days 25 

years 
1 

hour 
30 

days 
25 

years 
1 

hour 
30 

days 
25 

years 
NR100 0.528 0.479 0.440 0.934 0.917 0.903 0.975 0.988 0.998 
NEO100 0.613 0.560 0.518 0.940 0.927 0.915 0.989 0.998 1.009 
NR200 1.007 0.891 0.801 0.914 0.902 0.891 0.970 1.067 1.067 
NEO200 1.000 0.896 0.814 0.853 0.851 0.850 1.02 1.010 0.998 

TABLE 21 Predicted shear modulus at 50% strain using Equation 16
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Specified Shear Modulus, MPa
(Hardness)

0.65(50 Durometer) 25 <25 
0.90(60 Durometer) 35 <35 
1.15(70 Durometer) 45 <45 

Percent Change in 25 years
6-hour Shear Modulus Creep Deformation 

Test Requirements 
Polyisoprene 

(Natural Rubber) 
Polychloroprene 

(Neoprene) 
Units 

Specified Temperature of the Test 70 100 ˚C 
Aging Time 168 70 Hours

Max Change in Durometer Hardness +10 +15 Shore A
Max Change in Tensile Strength -25 -15 Percent

Max Change in Ultimate Elongation -25 -40 Percent

Creep Deflection Expressed as Percent of Instantaneous Deflection (1 hour) 
Full Size Bearing  
(from Table 17) 

1x1 Specimen at 50% 
Shear Strain using 

Equation 14 

2x2 Specimen at 50% 
Shear Strain using 

Equation 14 

3x3 Specimen at 50% 
Shear Strain using 

Equation 14 

Rubber 
Type 

30 Days 25 Years 30 Days 25 Years 30 Days 25 Years 30 Days 25 Years 
NR100 7.35 14.17 10.23 19.97 8.28 16.03 9.68 18.84
NEO100 6.14 11.78 9.46 18.41 7.87 15.21 8.97 17.41
NR200 8.85 17.17 12.99 25.64 11.48 22.53 11.55 22.66
NEO200 8.06 15.59 11.64 22.84 11.35 22.26 9.88 19.25 
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TABLE 22 Predicted axial deformation as % of 1-hr deflection for bearings with sole plates

Figure 61. Axial deflection after 30 days of loading—predicted and measured.

TABLE 23 Performance criteria for 6-hr creep test

TABLE 24 AASHTO M251-97 heat resistance requirements for ASTM D573



Several case studies have shown that there has been no evi-
dence of any significant deterioration of elastomeric bearing
physical properties over the period that the bearing had been
in service. Nakauchi et al. (1992) analyzed and characterized
small samples of a 100-year-old bridge bearing from a viaduct
in Australia by means of microanalytical methods. The test
results convincingly showed the longevity of rubber pads for
civil engineering applications. The aging of natural rubber was
limited to the outside surfaces and the ingress of oxygen to
rubber deep within the bearing was inhibited by the oxidized
rubber formed. Doody and Noonan (1998) compared the re-
sults of accelerated aging tests, per AASHTO specifications,
versus as-received recovered properties of steel-laminated
elastomeric bearings that had been in service. They found
insignificant differences in mean tensile strength and elonga-
tion between the accelerated tests and bearings in service after
22 years. The mean surface hardness, however, differed sig-
nificantly. They concluded that the bearings performed very
well in service and were relatively insensitive to the deficien-
cies in design, construction, and material properties.

Almost all accelerated aging tests mentioned in various
specifications are performed on very thin specimens loaded in
tension wherein the oxidation affects the whole specimen.
Any change in the overall shear stiffness of elastomeric bear-
ings because of aging is more relevant than the change in
localized tensile properties represented by the accelerated
aging tests. The objective of the present study is to investigate
the effect of specimen size on the shear stiffness characteris-
tics resulting from accelerated aging and extrapolate the
results to ambient temperatures for full-size bearings. Four
different sizes of specimens were subjected to shear defor-
mation. The specimens were made from NR100, NEO100,
NR200, and NEO200 types of elastomers: polychloroprene
rubber (neoprene) and natural rubber, at two hardness levels
(i.e., Shore A Durometer 50 and 70 were tested). Hereafter the
50 and 70 durometer neoprene bearings will be referred to as
NEO100 and NEO200, respectively, while the 50 and 70
durometer natural rubber bearings will be referred to as
NR100 and NR200, respectively. In the following sections,
the specimen geometries, test methodology, and results of
accelerated aging tests are followed by the interpretations and
predictions of aging at ambient temperature.

Test Specimens, Methodology, and Results

The effect of accelerated aging on the shear characteristics
of four sizes of specimens was studied. The four sizes of spec-
imens were as follows: (a) rheometer specimens, (b) 1 × 1
shear specimen (25 × 25 mm), (c) 2 × 2 shear specimens 
(51 × 51 mm), and (d) 3 × 3 shear specimens (76 × 76 mm).
The accelerated aging was done at two temperatures, 82° and
100°C (180° and 212°F), in order to extrapolate the aging
results to service temperatures using the theoretical Arrenhius
relation presented later. The sizes and aging temperatures
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were selected on the basis of the results of a pilot study so
that a significant spread in the post-aging shear characteris-
tics could be observed without damaging the specimens
because of overheat. All the specimens were aged in an air
oven wherein the airflow and temperature were precisely con-
trolled.

Moving Die Rheometer (MDR) Specimens

The rheometer (also known as curemeter) shown in Figure
62 is generally used by rubber manufacturers to study the vul-
canization characteristics of elastomers. A schematic of the
rheometer is shown in Figure 63. A 5-gm sample of raw elas-
tomer is placed in a die cavity (formed by two similar dies)
that is sealed and maintained at a constant temperature and
pressure. The lower die is shown in Figure 64 along with a
schematic of the lower die and specimen cross-section and a
typical MDR after it is fully cured. The average thickness is
2 mm (0.08 in.), while the outer diameter is 40 mm (1.6 in.).
The size is small enough for the oxygen to affect the whole
specimen. One of the dies is oscillated through a rotary ampli-
tude of ±0.5° at 1.66 Hz while the other is kept stationary.
This produces a sinusoidal alternating torsional shear strain of
14 percent in the test piece and a sinusoidal reaction torque,
measured at the stationary die, that is directly proportional to
the shear modulus of the rubber compound. The reaction
torque is continuously recorded during the vulcanization
process. Figure 65 shows the reaction torque versus time rela-
tionship for NR200 cured at 182°C (360°F), which is a typi-
cal curing temperature used in the manufacture of the bear-
ings. As the rubber vulcanizes, cross-linking is dominant and
the torque increases during this process until it reaches a max-
imum value MH, after which reversion is dominant. The time
to reach 90 percent of MH is called t90 and is generally used as
a measure of the cure rate. As demonstrated herein, a rheome-
ter can be effectively used to study the aging response in
shear, since the weight, geometry, and testing environment

Figure 62. Moving die rheometer.
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(i.e., temperature and pressure) of the specimen can be pre-
cisely controlled and the torque, which is related to the shear
stiffness, can be precisely measured.

The MDR specimens were cured at a temperature of 127°C
(261°F) until the reaction torque was almost constant (SST
with little reversion). The specimens were cured at a lower
temperature for a longer period than normally used in manu-
facturing in order to minimize reversion, thus ensuring rea-
sonable similarity among specimens (Kumar, 2000). Spec-
imens from four rubbers (NR100, NEO100, NR200, and
NEO200) were prepared and, after removal from the rheome-
ter, stored at room temperature for 3 days. The specimens
were then aged for 3, 10, 17, 24, 31, 38, 45, and 52 days and
tested in the rheometer where the reaction torque was again
measured. All the post-vulcanization and post-aging tests
were performed at 32°C (90°F). Given that the specimens
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Figure 63. Schematic of moving die rheometer operation.

Figure 64. Rheometer die and specimen.

Figure 65. Vulcanization curve for NR200 at 182°C.



were already cured, a steady-state torque (oscillating maxi-
mum torque remained constant) was achieved in only a few
seconds after the start of the test. The torque was recorded
after 2 min to ensure an SST. Some results from the rheome-
ter specimen aging tests are shown in Figure 66 on a log-log
scale; the 82 and 100 in the legend are the two aging temper-
atures in degrees centigrade. The percent change in shear
stiffness is relative to the torque or shear stiffness at 0 days of
aging (i.e., before the specimens were placed in the air ovens).

1 × 1 Dual-Lap Shear Specimens

The aging specimens and test setup were the same as used
previously for the creep experiments (see Figure 56). NR100,
NEO100, NR200, and NEO200 unvulcanized rubbers were
molded into specimens and cured at 127°C (261°F) for 3 hr.
The shear stiffness was measured after aging in the air oven for
0, 1, 2, 3, 4, 5, 6, and 7 weeks. The specimens were tested at
32°C (90°F) using the MTS system with an attached environ-
mental chamber. In order to find the strain dependence of the
aging effects, the shear stiffness was measured at three shear
strain levels: 50 percent, 100 percent, and 150 percent, respec-
tively. The specimen was loaded to 150-percent shear strain 
5 times at 1-percent strain per sec to eliminate the Mullins
effect. This was done every time after the specimens were
removed from the air oven. Each specimen was loaded to the
50-percent, 100-percent, and 150-percent strain at 1 percent
per second, and the load was recorded at each of the three
strain intervals. The secant shear modulus was calculated at
each strain level. The results of accelerated aging of 1 ×1 spec-
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imens are shown in Figures 67 through 70 for NR100,
NEO100, NR200, and NEO200 elastomers, respectively. In
the legends of these plots, the strain level refers to the shear
strain at which shear stiffness (or shear modulus) was calcu-
lated and the temperature refers to the temperature of the air
oven at which the specimens were aged. The percent change
in stiffness (secant shear modulus) is relative to the stiffness at
0 time of aging.

2 × 2 and 3 × 3 Shear Specimens

Figure 71 shows the test fixtures for the 2 × 2 (51 × 51 mm)
and the 3 × 3 (76 × 76 mm) shear specimens while Figure 72
shows the test setup. The specimens were cut from the actual
NEO100, NEO200, NR100, and NR200 bearings and cold-
bonded to the metal plates. Elmer’s™ industrial-grade crazy
glue was used for rubber-to-metal cold bonding. Prior to the
adhesive application and assembly, the three metal plates
were sandblasted and cleaned using vapor degreasing and a
chemical rinsing system. The rubber surfaces were cleaned
and the primer and adhesive were applied per manufacturer’s
specifications.

To avoid debonding at the cold bond surface at the test
fixture, the shear stiffness was measured only at 50-percent
strain for these specimens. The same test procedure was used
for all the specimens. The test specimen was mounted on the
displacement-controlled MTS fixtures in an environmental
chamber, and a test temperature of 32°C (90°F) was main-
tained during the test. The specimen was loaded to 50-percent
shear strain 5 times at 1-percent strain per sec to eliminate the
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Figure 66. Aging tests on rheometer specimens.
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Figure 70. Accelerated aging of 1 × 1 NEO200 specimens.



Mullins effect, and the load was recorded during the 6th cycle.
This was done every time the specimens were removed from
the air oven. The secant shear modulus was calculated at 
50-percent shear strain. The results of accelerated aging of the
2 × 2 and 3 × 3 specimens are shown in Figures 73 through 76
for NR100, NEO100, NR200, and NEO200, respectively. The
results of the 1 × 1 specimen aging tests at 50-percent shear
strain are also included for comparison. The plot legends refer
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to the specimen sizes and the aging temperature. The percent
change in stiffness is relative to the stiffness (secant shear
modulus) at 0 time of aging (i.e., before the specimens were
placed in the air oven).

Interpretation and Evaluation of Results

Interpretation of Results

Figures 66 through 76 show that the effects of aging are
more dominant at higher shear strains. Figures 77 and 78 show
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Figure 72. Test Setup for 2 × 2 and 3 × 3 shear specimens.

Figure 73. Aging tests for 1 × 1, 2 × 2, and 3 × 3 NR100 shear specimens.



the change in shear stiffness for the four sizes of specimens
after 7 weeks of accelerated aging at 82° and 100°C (180° and
212°F). These last two figures have different vertical scales.
The change in shear stiffness because of aging definitely
depends on the size of the specimen. As the size increases, the
percent change in shear stiffness decreases drastically. This can
be attributed to the amount of rubber affected by the oxidation
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process. For the rheometer specimens, the stiffness change is
very significant because the entire specimen is affected by
aging. As the size increases, the ratio of the surface area to the
total rubber volume decreases and, therefore, the effect of
aging on the overall shear stiffness decreases. At higher aging
temperatures, the stiffness change is higher. This is because of
a higher oxygen diffusion rate at higher temperatures.
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Figure 74. Aging tests for 1 × 1, 2 × 2, and 3 × 3 NEO100 shear specimens.

Figure 75. Aging tests for 1 × 1, 2 × 2, and 3 × 3 NR200 shear specimens.
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Figure 77. Aging results after 7 weeks of aging at 82°C.



Aging at Ambient Temperature

The change in shear stiffness due to aging is the conse-
quence of chemical reactions and the diffusion rate of oxygen.
Given that both chemical reaction and diffusion rate depend
on temperature, the Arrenhius relation that gives the chemi-
cal reaction rate as a function of absolute temperature can be
used to predict the effect of aging at various temperatures. The
Arrenhius relation is given by

where 

k is the general rate of reaction (changes/unit time), 
A is the rate of reaction constant (changes /unit time), 
Ea is the activation energy (J/mol), 
R is the molar gas constant (J/mol-K) and 
T the is absolute (Kelvin) temperature (K = C° + 273°). 

Equation 15 can be rearranged to obtain an expression
for equivalent times for the same property change with expo-
sures at different temperatures as follows:

where ∆t1 is the aging time at test temperature T1 while ∆t2 is
the aging time at test temperature T2. Since the 3 × 3 speci-
men was the largest tested, it was used to predict the percent
change in stiffness at 32°C or 305°K (90°F) using the Arren-
hius relationship. The procedure is summarized as follows.
From the results of the aging studies, a relationship between
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time and percent change in shear stiffness was developed
using regression analysis. A power law of the following form
worked fairly well:

where 

Y is the time in days, 
X is the percent change in shear stiffness, and
a and b are regression coefficients. 

Y aX b= ( )17
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Figure 78. Aging results after 7 weeks of aging at 100°C.
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As an example, the results of regression analysis for aging
of NR100 at 373°K are shown in Figure 79. The results for
other conditions are tabulated in Table 25. Because testing
was performed at two temperatures, the values of (Ea/R) for
various compounds corresponding to a particular change in
shear stiffness were calculated using the test results in
Equation 16. Once (Ea/R) is known, Equation 16, in con-
junction with one of the test temperatures, is used to predict
the percent change in shear stiffness at ambient tempera-
ture. Based on this method, the times required to change the
shear stiffness by 5 percent and 10 percent at 32°C (90°F)
are tabulated in Table 25 for the four rubber compounds
tested. These times are for 76 × 76 mm (3 × 3 in.) specimens
and that the actual size of bridge bearings is much larger
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than the test specimen. The results of this study show that
the aging effects reduce exponentially as the specimen size
increases, so the effect of aging on full-size bearings will be
insignificant.

As shown in Table 25, it will take hundreds of years to
change the shear stiffness of a 3 × 3 specimen by 10 percent.
For full-size bearings, it will take several hundred years to
change the shear stiffness by 10 percent. Other researchers
have drawn this conclusion based on microanalytical methods.
Based on the results of this study, it can be concluded that full-
size bearings will experience insignificant aging over their
lifetime. Therefore, ASTM D573 (heat resistance) can be
eliminated from AASHTO M251-97 for elastomeric bridge
bearings.

Test Temperature 355 K Test Temperature 373 K 

Specimen Regression 
Coef.  

a 

Regression 
Coef. 

b 

Time 
Required 

DAYS 

Regression 
Coeff.  

a 

Regression 
Coeff

b 

Time 
Required 

DAYS

Ea/R 

Time 
Required 
at 32˚C 

YEARS 

5 0.03568 3.72354 14.29 0.00132 4.17108 1.08 18973 250.00 
NR100 

10 0.03568 3.72354 188.79 0.00132 4.17108 19.52 16691 1151.25 
5 1.02883 2.03685 27.29 0.42804 1.52020 4.94 12568 24.79 

NEO100 
10 1.02883 2.03685 111.99 0.42804 1.52020 14.18 15203 343.43 
5 0.78208 2.24931 29.20 0.04170 2.53935 2.48 18130 346.14 

NR200 
10 0.78208 2.24931 138.86 0.04170 2.53935 14.44 16652 831.30 
5 3.72233 1.69332 56.81 0.64802 1.57021 8.11 14318 115.76 

NEO200 
10 3.72233 1.69332 183.71 0.64802 1.57021 24.09 14946 500.25 

Percent
Change
in Shear
Stiffness

TABLE 25 Prediction of time required to age 3 × 3 specimen at 32°C
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Analytical studies were undertaken for two principal pur-
poses: (1) to evaluate the effect of steel laminate misalignment
on the performance of the bearing under compression, shear,
and rotation, and (2) to determine the growth of edge surface
cracks resulting from manufacturing defects or ozone crack-
ing. The behavior of rubber was modeled in terms of the strain
energy function proposed by Yeoh (1993) to fit the measured
nonlinear stress-strain response of some typical rubbers used
in bridge bearings. Both analytical phases conducted research
on the same model bearing with three 12.7-mm (0.5-in.)-thick
elastomer layers, two 3.2-mm (0.125-in.)-thick steel laminates
and 6 mm (0.25 in.) of edge cover as was shown in Figure 4.
The plan dimensions of the model bearing were 229 × 356 mm
(9 × 14 in.) and the overall thickness was 44.5 mm (1.75 in.).
This configuration was selected because it was used in the
physical testing phase of the project and its shape factor is at
the lower end of the range found in practice. Therefore, this
configuration will conservatively represent the overall struc-
tural behavior of most bearings.

STATIC BEHAVIOR

Introduction

Most of the steel-laminated elastomeric bearings are man-
ufactured using compression molding wherein the outside
dimensions can be precisely controlled by the mold dimen-
sions. However, the internal steel laminates (also called shims
or reinforcements), if not properly constrained, can shift hor-
izontally or vertically or rotate because of the flow of rubber
under pressure inside the mold. The most common external
defects (e.g., variation in overall horizontal and vertical
dimension, overall horizontal and vertical slopes of surfaces,
and size and position of holes, slots, or inserts) can be easily
inspected using the tolerances given in AASHTO M251-97.
The effects of marginal laminate movement are more difficult
to assess by merely external visual examination. The objec-
tive of this study was to assess the effects of marginal lami-
nate misalignments on the structural behavior of steel-
laminated elastomeric bearings.

Assuming that the outside dimensions are precisely con-
trolled during molding, the three most probable laminate mis-
alignments are as follows:

• Vertical shift causing variations in rubber layer thickness,
• Horizontal shift causing variations in external cover, and
• Rotation resulting in non-uniform rubber layer thickness.

Given that the effects of laminate misalignments are difficult
to measure directly, finite element computer simulation was
used to study the combined effect of the above three proba-
ble misalignments on the overall structural behavior of the
bearing. The range of each misalignment was selected on the
basis of tolerances of equipment used in the molding process
as follows: vertical shift ±3 mm, horizontal shift 6 mm, and
angular rotation ±1.5 deg.

NR100, NR200, NEO100, and NEO200 bearings as used 
in the experimental phase were chosen for theoretical evalua-
tion because they represent the extremes in material stiffness
usually found in practice. Because of the many uncertainties
involved in modeling the friction between rubber and contact-
ing surface, the top and bottom surfaces were assumed fully
bonded for the major sensitivity study. For the purpose of com-
parison with unbonded end conditions, a few critical cases
with a constant coefficient of friction between the rubber and
contacting surface were also analyzed. The effects of misalign-
ments were investigated under a combined axial load, shear
deformation, and rotation of the bearing. For NR100 and
NEO100 bearings, an axial load corresponding to 3.8 MPa
(550 psi) axial stress in conjunction with a shear deformation
corresponding to 50-percent direct shear strain and 1-deg rota-
tion was used. For NR200 and NEO200 bearings, an axial load
corresponding to 7.6 MPa (1100 psi) axial stress in conjunction
with a shear deformation corresponding to 50-percent direct
shear strain and 1-deg rotation was used.

Essentially this study consisted of a set of computer-
simulated experiments using the finite element method in
which the effect of three independent variables (i.e., hori-
zontal shift, vertical shift, and rotation of laminates) on eight
performance (dependent) variables as follows:

1. Axial stiffness,
2. Shear stiffness,
3. Rotation stiffness,
4. Maximum shear strain in elastomer,
5. Maximum principal strain in elastomer,
6. Maximum triaxial tension in elastomer,

CHAPTER 3
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7. Maximum bond stress at the interface of elastomer and
steel laminate, and

8. Maximum von Mises stress in steel laminates.

(These eight performance variables govern the structural
behavior of the bearings.)

In the following sections, the design of the virtual experi-
ments is presented first, followed by the evaluation criteria and
constraints used on the performance parameters. After a syn-
opsis of the finite element analysis, the results of the statistical
analysis and the interpretation of results are given.

Design of Virtual Experiments

Given that there are unlimited combinations of the three
misalignments considered, a response surface methodology,
generally used in statistical design and analysis of experiments
(John, 1971), was used to find an approximating function relat-
ing the various structural responses (dependent variables) to
the combined effect of the misalignments (independent vari-
ables). A Center Composite Design (CCD) was employed in
selecting various runs and values of the three independent
variables. Details of the CCD are given in Appendix E of the
research team’s final report. For the number of variables con-
sidered, 16 computer runs are needed for each of the four
materials in order to establish a statistically reliable evalua-
tion of the misalignments. The derived values of the mis-
alignments used in each of the runs are given in Table 26.
Runs 15 and 16 are identical and represent the bearing with
all shims perfectly aligned.

Performance Parameters and Criteria

The structural behavior of a bearing depends on the axial,
shear, and rotation stiffnesses; the structural integrity is con-
trolled by limits on the internal stresses and strains. From the

point of view of performance, the stiffnesses are more impor-
tant as long as the internal stresses and strains remain within
the allowable limits generally imposed by the strength of ma-
terials (i.e., elastomer and steel). Therefore, to assess both the
structural behavior and structural integrity of the subject bear-
ing configuration, the effects of three independent variables,
described in Section 2, were studied on the eight performance
parameters. The performance (dependent) variables and their
evaluation criteria are described as follows:

• Axial Stiffness (AXSTIF). This represents the ratio of
axial load to axial deflection at 3.8 MPa (550 psi) and
7.6 MPa (1100 psi) average axial stress for 50 (NR100
and NEO100) and 70 (NR200 and NEO200) durometer
bearings, respectively. Vertical deflection of the bearing
is controlled by axial stiffness, which is important for
both single-span and multi-span bridges. For single-span
bridges, excessive axial deflection at supports results in
an uneven road surface at the supports. Excessive verti-
cal deflection at supports of multi-span bridges can result
in excessive stress in girders. The variation of axial stiff-
ness with respect to the axial stiffness of a perfect con-
figuration was limited to ±10 percent for evaluation
purposes.

• Shear Stiffness (SHRSTIF). This represents the ratio
of shear load to shear deflection corresponding to 0.5
(50-percent) direct shear strain. Given that the thermal
movement of the bridge girder causes the shear deflec-
tion, the force transferred from the bridge girder to its
support is controlled by the shear stiffness of the bearing.
Therefore, shear stiffness is very important. The variation
of shear stiffness with respect to the shear stiffness of a
perfect shim configuration was limited to ±10 percent for
evaluation purposes.

• Rotation Stiffness (ROTSTIF). This represents the
ratio of cocking moment to cocking rotation correspond-
ing to 1-deg rotation of the bearing. Given that rotation
stiffness of flat pads is not very important, no limit on its
variation is imposed. For applications where rotational
stiffness is important, a cylindrical or spherical bearing
is usually used.

• Maximum Shear Strain (SHSTRN). This represents the
total of direct and indirect shear strain. There are two types
of shear strains that a rubber layer experiences under com-
bined axial load and shear deformation: (1) direct shear
strain resulting from shearing action and (2) indirect
or bulge shear strain resulting from bulging action. As
per good engineering practice used in the rubber bear-
ing industry, the direct shear strain is limited to 1.75
(175 percent) while the indirect shear strain is limited to
6 (600 percent). The direct and indirect shear strains are
combined to give total shear strain. In the present study,
given that the direct shear strain is just 0.5 (50 percent),
the total shear strain is limited to 6 (600 percent).

• Maximum Principal Strain (PRNSTN). This repre-
sents the maximum uniaxial strain in the elastomer. The

Actual Values  
RUN X1 

(mm) 
X2 

(mm) 
X3 

(Degrees) 
1 -1.7321 2.5358 -0.86605
2 1.7321 2.5358 -0.86605 
3 -1.7321 9.4642 -0.86605 
4 1.7321 9.4642 -0.86605 
5 -1.7321 2.5358 0.86605 
6 1.7321 2.5358 0.86605 
7 -1.7321 9.4642 0.86605 
8 1.7321 9.4642 0.86605 
9 3 6 0 
10 -3 6 0 
11 0 12 0 
12 0 0 0 
13 0 6 1.5 
14 0 6 -1.5 
15,16 0 6 0 

TABLE 26 Design matrix for independent
variables



maximum allowable uniaxial tensile strain in elastomer
layers is limited to 2 (200 percent).

• Triaxial Tension (TENS). The maximum triaxial ten-
sion in rubber is limited to 6 times the design shear mod-
ulus as per good engineering practice used in the rubber
industry. Rubber is commonly found to undergo internal
cavitation at triaxial tension equivalent to 6G, where G is
the linear shear modulus. This phenomenon is a conse-
quence of an elastic instability known as “an unbounded
elastic expansion of preexisting cavities, too small to be
readily detected” (Gent and Tompkins, 1969). The criti-
cal stress does not depend on the strength of the rubber,
but only on its elastic modulus.

• Maximum Bond Stress (BOND). This represents the
resultant of the nominal tensile stress and the nominal
resultant shear stress carried at the interface nodes of the
elastomer and the steel. This stress is limited to the aver-
age shear stress corresponding to 2 (200 percent) shear
strain as determined from a dual-lap shear test.

• Maximum von Mises Stress (MISES). This represents
the stress in the laminates corresponding to von Mises
failure (yield) theory. In this theory, yielding occurs for
a complex stress state when the von Mises stress, defined
by Equation 18, at any point in the laminate becomes
equal to the yield stress from a simple tension test.

σ σ σ σ σ σ σ= −( ) + −( ) + −( )1 2 2 3 3 1

2

2 2 2

18( )
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where σ1, σ2, and σ3 are the maximum, intermediate, and min-
imum principal stresses, respectively.

The constraints imposed on the performance variables
based on the evaluation criteria for the model bearings are
summarized in Table 27.

Finite Element Analysis

Given that rubber is an almost incompressible material,
the finite element model of the rubber portion was prepared
using three-dimensional, 27-node, second-order, solid, hybrid-
finite elements. The steel parts were modeled using three-
dimensional, 27-node, second-order, solid, finite elements.
The commercial finite element program, ABACUS©, was used
to perform the analysis. The finite element model for the per-
fect configuration is shown in Figure 80 and the models for the
16 shim configurations tabulated in Table 26 are shown in Fig-
ure 81. Only one-half of the bearing was modeled because of
the symmetry of geometry and loading. Symmetric boundary
conditions were applied at the plane of symmetry.

Four shear stress-strain responses from NR100, NR200,
NEO100, and NEO200 bearings were used to represent the
extreme range of the material behavior found in elastomeric
bearings. The measured stress-strain relationships for low-
hardness and high-hardness natural rubber and neoprene sam-
ples are shown in Figure 82. The stress-strain curves in simple
shear were experimentally obtained using a molded dual-lap

Constraints Dependent Variables 
NR100 NEO100 NR200 NEO200 

AXSTIF (kN/mm) 186-227 190-232  342-418 395-483 
SHRSTIF (kN/mm) 0.86-1.05 0.86-1.05 1.64-2.0 1.87-2.28 
ROTSTIF (kN-m/deg) No constraint No constraint No constraint No constraint 
SHSTRN  < 6 < 6 < 6 < 6 
PRNSTN  < 2 < 2 < 2 < 2
TENS (MPa) <   3.5 < 3.53 < 7.2 < 7.5 
BOND (MPa) < 1.31 < 1.81 < 3.4 < 7.4 
MISES (MPa) < 345 < 345 < 345 < 345 

TABLE 27 Constraints on dependent variables

Figure 80. Finite element model of perfect configuration (a) isometric view, (b) cross section.
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Figure 81. Cross section of finite element models for various runs.

Figure 82. Shear stress-strain response for various elastomers.



67

Run 

Axial 
Stiffness 

 
 

kN/mm 

Shear 
Stiffness 

 
 

kN/mm 

Rotation 
Stiffness 

 
 

kNm/deg 

Max. Shear 
Strain in 
Rubber 

Max. 
Principal 
Strain in 
Rubber 

Max. Triaxial 
Tension Stress 

in Rubber 
 

MPa 

Max. Bond 
Stress at 

Steel Shims 
 

MPa 

Max. von 
Mises Stress 

in Shims 
 

MPa 
1 193 0.988 2.06 1.74 1.81 1.72 1.023 114 
2 188 0.982 1.25 1.72 1.74 1.63 1.005 149 
3 203 0.973 3.14 1.72 1.84 1.45 1.005 159 
4 197 0.974 2.40 1.68 1.73 1.32 0.970 206 
5 187 0.978 1.15 1.73 1.75 1.76 1.014 178 
6 189 0.973 1.79 1.69 1.73 2.26 0.978 155 
7 194 0.966 2.10 1.60 1.81 1.25 0.904 188 
8 199 0.962 2.88 1.61 1.80 1.31 0.912 171 
9 194 0.956 2.14 1.74 1.73 2.07 0.996 157 

10 196 0.960 2.22 1.80 1.85 1.93 1.081 162 
11 211 0.956 3.22 1.66 1.84 1.33 0.953 155 
12 193 0.972 1.13 1.64 1.71 1.56 0.936 130 
13 184 0.997 1.85 1.73 1.78 2.01 1.014 187 
14 189 1.010 2.28 1.75 1.79 1.62 1.033 176 

15,16 206 0.959 2.42 1.77 1.79 2.03 1.052 132 

Run 

Axial 
Stiffness 

 
 

kN/mm 

Shear 
Stiffness 

 
 

kN/mm 

Rotation 
Stiffness 

 
 

kNm/deg

Max. Shear 
Strain in 
Rubber 

Max. 
Principal 
Strain in 
Rubber 

Max. Triaxial
Tension Stress 

in Rubber  

MPa 

Max. Bond 
Stress at 

Steel Shims  

MPa 

Max. von 
Mises Stress 

in Shims  

MPa 
1 198 0.989 2.34 1.66 1.64 1.61 1.151 117 
2 193 0.982 1.54 1.64 1.58 1.51 1.068 150 
3 209 0.972 3.44 1.65 1.66 1.53 1.181 166 
4 202 0.972 2.70 1.61 1.56 1.41 1.041 210 
5 191 0.980 1.43 1.64 1.58 1.70 1.068 182 
6 195 0.976 2.08 1.61 1.56 2.14 1.041 160 
7 199 0.966 2.42 1.63 1.63 1.33 1.137 194 
8 204 0.963 3.19 1.56 1.63 1.39 1.137 177 
9 200 0.956 2.43 1.64 1.58 2.00 1.068 158 

10 201 0.960 2.51 1.72 1.67 1.88 1.196 167 
11 217 0.955 3.53 1.61 1.68 1.39 1.211 162 
12 198 0.974 1.41 1.57 1.55 1.47 1.028 134 
13 189 1.000 2.16 1.65 1.60 1.97 1.095 193 
14 194 1.009 2.57 1.68 1.63 1.54 1.137 180 

15,16 211 0.958 2.70 1.69 1.62 1.97 1.123 137 

shear specimen described in the Creep Section of Chapter 2. 
A nonlinear regression analysis was used to determine the
material constants in Yeoh’s formulation for incorporation
into the finite element analysis. Details of this process are
given in Kumar (2000). The steel components were mod-
eled using isotropic material with Young’s Modulus equal
to 200,000 MPa and a Poison’s ratio equal to 0.3. A bi-
linear, stress-strain curve (first line connecting 0 and yield
point [345 MPa] and the second line connecting yield point
to ultimate [490 MPa] at 30-percent elongation) was used to
define the plastic behavior of steel.

Structural analyses consisted of nonlinear quasi-static analy-
sis with geometric and material nonlinearities to incorporate
the effects of large deformation and large strains. A solution
was obtained as a series of increments, with iterations within
each increment to obtain equilibrium. Given that several non-

linearities were acting simultaneously, the loads were applied
in small increments to ensure correct modeling of history-
dependent effects and to increase the computational efficiency.

Finite Element Analysis Results

The values of the eight performance variables mentioned
earlier extracted from finite element analyses of bearings with
bonded top and bottom surfaces for the 16 runs are tabulated
in Tables 28 through 31 for NR100, NEO100, NR200, and
NEO200, respectively. A comparison between the perfect
bearing configurations with bonded and unbonded top and
bottom surfaces in terms of the eight dependent variables is
shown in Table 32. The displacement plots and key contour
plots for a perfect shim configuration with bonded top and

TABLE 28 Values of performance variables for NR100

TABLE 29 Values of performance variables for NEO100
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Run 

Axial 
Stiffness 

 
 

kN/mm 

Shear 
Stiffness 

 
 

kN/mm 

Rotation 
Stiffness 

 
 

kNm/deg 

Max. Shear 
Strain in 
Rubber 

Max. 
Principal 
Strain in 
Rubber 

Max. Triaxial 
Tension Stress 

in Rubber 
 

MPa 

Max. Bond 
Stress at 

Steel Shims 
 

MPa 

Max. von 
Mises Stress 

in Shims 
 

MPa 
1 351 1.88 3.95 1.69 1.68 3.21 2.20 177 
2 349 1.87 2.36 1.68 1.62 3.03 2.03 232 
3 375 1.84 6.12 1.67 1.69 3.16 2.23 256 
4 364 1.85 4.65 1.64 1.75 2.97 2.42 316 
5 346 1.86 2.09 1.67 1.62 3.40 2.03 270 
6 351 1.85 3.37 1.64 1.60 4.27 1.97 244 
7 360 1.83 4.06 1.75 1.66 2.64 2.14 292 
8 367 1.82 5.59 1.61 1.66 2.80 2.14 272 
9 360 1.82 4.12 1.71 1.62 3.93 2.03 239 

10 363 1.82 4.27 1.75 1.71 3.69 2.29 252 
11 389 1.81 6.29 1.64 1.70 2.91 2.26 249 
12 358 1.85 2.07 1.60 1.58 2.90 1.92 204 
13 341 1.89 3.52 1.68 1.65 3.90 2.11 286 
14 350 1.91 4.41 1.72 1.68 3.03 2.20 279 

15,16 380 1.82 4.61 1.73 1.66 3.84 2.14 211 

Run 

Axial 
Stiffness 

 
 

kN/mm 

Shear 
Stiffness 

 
 

kN/mm 

Rotation 
Stiffness 

 
 

kNm/deg 

Max. Shear 
Strain in 
Rubber 

Max. 
Principal 
Strain in 
Rubber 

Max. Triaxial 
Tension Stress 

in Rubber 
 

MPa 

Max. Bond 
Stress at 

Steel Shims 
 

MPa 

Max. von 
Mises Stress 

in Shims 
 

MPa 
1 414 2.16 6.12 1.53 1.39 2.90 2.52 195 
2 402 2.13 4.49 1.48 1.35 2.63 2.33 240 
3 436 2.11 8.31 1.51 1.37 3.43 2.42 280 
4 423 2.10 6.82 1.46 1.31 3.28 2.17 335 
5 400 2.13 4.32 1.50 1.33 3.29 2.25 289 
6 407 2.13 5.60 1.47 1.32 3.96 2.21 261 
7 417 2.09 6.29 1.49 1.68 3.03 4.30 312 
8 428 2.09 7.85 1.46 1.35 3.12 2.33 292 
9 417 2.08 6.29 1.51 1.34 3.93 2.29 253 

10 421 2.08 6.46 1.57 1.39 3.76 2.52 270 
11 453 2.06 8.51 1.50 1.42 2.93 2.66 280 
12 412 2.12 4.29 1.43 1.31 2.66 2.17 220 
13 396 2.18 5.78 1.52 1.34 3.95 2.29 305 
14 405 2.20 6.51 1.56 1.39 2.83 2.52 295 

15,16 439 2.08 6.88 1.54 1.36 3.92 2.38 232 

NR100 NEO100 NR200 NEO200 Performance 
Variable Bonded Unbonded Bonded Unbonded Bonded Unbonded Bonded Unbonded
AXSTIF 
(kN/mm) 

206 172 211 179 380 313 439 334 

SHRSTIF 
(kN/mm) 

0.96 0.78 0.96 0.79 1.82 1.52 2.08 1.72 

ROTSTIF 
(kN-m/deg) 

2.42 2.06 2.7 2.37 4.61 4.01 6.88 6.02 

SHSTRN 1.77 1.27 1.69 1.17 1.73 1.32 1.54 1.31 
PRNSTN 1.79 1.48 1.62 1.29 1.66 1.46 1.36 1.31 

TENS (MPa) 2.03 1.60 1.97 1.54 3.84 3.14 3.92 3.54 
BOND (MPa) 1.05

132
0.89 1.12 0.87 2.14 2.05  2.38 2.31 

MISES (MPa) 145 137 147 211 233 232 274 

TABLE 30 Values of performance variables for NR200

TABLE 31 Values of performance variables for NEO200

TABLE 32 Comparison between bonded and unbonded perfect bearing configuration



69

bottom surfaces are shown in Figures 83, 84, 85, and 86 for
NR100, NEO100, NR200, and NEO200 respectively. Similar
plots for unbonded surface conditions with a constant coeffi-
cient of friction equal to 0.3 between the rubber and the con-
tacting top and bottom surfaces are shown in Figures 87, 88,
89, and 90 for NR100, NEO100, NR200, and NEO200, re-
spectively. For all 16 configurations, the deformed shapes and
stress contours for NR100 are given in Appendix F of the
research team’s final report.

Evaluation and Interpretation

A summary of the analysis results for bearings with
bonded top and bottom surfaces is given in Table 33. The

minimum and maximum values of each performance param-
eter from all 16 runs, the percent variation of these extreme
limits relative to the case of no shim misalignment (Run 15,
16), and the recommended performance constraints from
Table 27 are given. The axial stiffness and the shear stiff-
ness are proportional to the shear modulus and are not sig-
nificantly affected by the shim misalignments. The maxi-
mum shear strain and principal strain in the elastomer are
not significantly affected by the bearing material specified
or the misalignments. The remaining four performance
parameters (i.e., rotational stiffness, triaxial tensile and bond
stresses in the elastomer, and the maximum von Mises
stress in the steel reinforcements) are affected by the steel
shim misalignments, the shear modulus of the elastomer,
or both. The following observations are based on the results

Figure 83. Deformed shapes and Stress Contour Plots—NR100 Perfect
Configuration-Bonded Top and Bottom: (a) and (b) undeformed shape; 
(c) and (d) deformed shapes; (e) elastomer shear strain; ( f ) elastomer triaxial
stress (MPa); (g) elastomer principal strain; (h) steel von Mises Stress (MPa).
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in Tables 28 through 32 and the stress and strain data from
all the runs.

Rotational Stiffness

Ideally, the rotational stiffness should be zero so that the
bridge girder could rotate freely without developing re-
straining moments. The rotational stiffness varied as much
as 50 percent from the perfect case. The maximum and min-
imum values were always associated with Cases 11 and 12,
respectively, for each of the four materials. These two cases
only involve edge cover, no other misalignment, so the mag-

nitude of the rotational stiffness is very sensitive to the edge
cover. The bearing rotational stiffness is 2 to 3 times greater
when the edge with no cover is compressed during rotation
compared with the case when the edge with large cover is
compressed. The rotational stiffness is also directly affected
by the shear modulus of the material; the NR200 bearing is
about twice as stiff as the NR100 bearing for the perfect con-
figuration. The NEO200 bearing is stiffer than the NR200
bearing because of the shape of the stress-strain curve as
shown in Figure 82. At 50-percent strain, these two materi-
als have about the same shear modulus, but at 150-percent
strain, the NEO200 is about twice as stiff as the NR200.
Despite the variations noted, the rotational stiffness has lit-

Figure 84. Deformed shapes and Key Stress Contours—NEO100 Perfect
Configuration-Bonded Top and Bottom: (a) and (b) undeformed shape; (c) and 
(d) deformed shapes; (e) elastomer shear strain; ( f ) elastomer triaxial stress (MPa);
(g) elastomer principal strain; (h) steel von Mises Stress (MPa).



tle to do with the performance of the bridge because the
rotational stiffness of the bearings is so much smaller than
the rotational end stiffness of a typical bridge girder. The
maximum rotational stiffness determined in the research
(Run 11 for NEO200) was 8.51 kN-m/deg (6.27 kip-
ft/deg), which is about 1/300th of the stiffness of a typical
steel girder for a 30-m bridge span and span/depth ratio of
20. No rotational stiffness constraints have been imposed be-
cause of the low relative rotational stiffness of an elastomeric
bearing and the fact that the maximum end rotation is con-
trolled by the end rotation of the girder, not the characteris-
tics of the bearing. Good design practice, such as avoiding
bearing designs with high shape factors (>12), coupled with
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a small overall bearing thickness, will provide bearings with
low rotation stiffness.

Triaxial Tension

The maximum triaxial tension stress in the elastomer
occurs at the edge of the shim for all four materials and all 
16 runs and its value is proportional to the shear modulus—
the 200 grade material has about twice the stress of the 
100 grade material. Edge cover dominates this performance
parameter. The smallest edge cover and largest edge cover
on the right edge (Runs 11 and 12, respectively, as shown in

Figure 85. Deformed shapes and Key Stress Contours—NR200 Perfect
Configuration-Bonded Top and Bottom: (a) and (b) undeformed shape; (c) and 
(d) deformed shapes; (e) elastomer shear strain; ( f ) elastomer triaxial stress (MPa);
(g) elastomer principal strain; (h) steel von Mises Stress (MPa).



Figure 81) gave about the same level of triaxial tension
stress. For covers between these extremes, the relationship
between the stress and the edge cover on the right side is non-
linear. The average of the four cases with a 2.5 mm (0.10 in.)
cover is almost the same as the two extreme covers. Edge cov-
ers of 6 and 9.5 mm (0.24 and 0.37 in.) give triaxial tension
stresses that are about 40 percent higher than the minimum
values shown in Table 33. The highest stress always occurs
with Run 6, with a right edge cover of 9.5 mm (0.37 in.).
This maximum, however, is still only about 60 percent of the
stress limit specified. AASHTO M251-97 requires a mini-
mum cover of 3 mm (0.12 in.) and a tolerance of −0, +3 mm
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(−0, +0.12 in.) on the cover specified by the designer. It
appears that cover that is smaller or larger than the specified
value will not adversely affect the performance.

Bond Stress

In all cases, the maximum bond stress occurs near the edge
of the steel shim and it reasonably follows the principal strain
distribution shown in Contour (g) of Figures 83 through 90.
The bond stress for the perfect shim alignment is directly pro-
portional to the shear modulus. Bearings with a higher shear

Figure 86. Deformed shapes and Key Stress Contours—NEO200 Perfect
Configuration-Bonded Top and Bottom: (a) and (b) undeformed shape; (c) and 
(d) deformed shapes; (e) elastomer shear strain; ( f ) elastomer triaxial stress (MPa);
(g) elastomer principal strain; (h) steel von Mises Stress (MPa).



modulus have higher bond stresses. Except for NEO200,
Run 7, the maximum bond stress is insensitive to shim mis-
alignment. For NR100, NEO100, NR200, and NEO200, the
maximum increase in bond stress compared with the per-
fect arrangement is 3, 8, 13, and 11 percent, respectively.
The maximum increase for NEO200 is 81 percent (Run 7)
because there is a steep increase in the slope of the stress-
strain curve at strains greater than 100 percent as noted ear-
lier. The maximum bond stress is 82, 67, 71, and 58 percent
of the specified limit for NR100, NEO100, NR200, and
NEO200, respectively. This maximum stress is confined to a
very small region of the bearing; the bond stress over a more
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major portion of the bearing is approximately 50 percent of
the maximum value.

Steel Stress

The maximum steel stresses mainly result from bending
of the plate near the edge of the bearing as shown in Con-
tour (h) of Figures 83 through 90. For the perfect config-
uration, the maximum steel stress appears to be related to the
shear modulus—the higher the shear modulus, the higher the
steel stress. However, additional analyses by Kumar (2000)

Figure 87. Deformed shapes and Key Stress Contours—NR100 Perfect
Configuration-Unbonded Top and Bottom: (a) and (b) undeformed shape; (c) and 
(d) deformed shapes; (e) elastomer shear strain; ( f ) elastomer triaxial stress (MPa);
(g) elastomer principal strain; (h) steel von Mises Stress (MPa).



show that the increased steel stresses result from the fact that
the compressive force applied to the higher modulus was dou-
ble that for the lower modulus bearings. The average maxi-
mum stress for NR100/NEO100 is 134 MPa (19.5 ksi) and for
NR200/NEO200 is 221 MPa (32.1 ksi) for the perfect config-
uration (see Run 15/16 of Tables 28 through 31). The
AASHTO LRFD (1988) formula for minimum thickness of
steel reinforcement (Formula 14.7.5.3.7-1) can be rearranged
to determine the steel axial (membrane) stress (σr, with the
factor of safety of 2 removed as follows:

σ σr s
r

s

h

h
= 1 5 19. ( )max
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where

σs = compressive stress,
hrmax = elastomer layer thickness, and

hs = shim thickness.

Equation 19 gives 23 and 46 MPa (3.3 and 6.6 ksi) steel stress
for the NR100/NEO100 and NR200/NEO200 bearings,
respectively. The maximum steel stresses are about 5 times
greater than the AASHTO theoretical axial stress, but these
maximum stresses are confined to small areas less than 1 per-
cent of the plan area near the edge of the bearing. For the
NEO200 bearing, the steel stress for the perfect configuration
is at two-thirds of the assumed yield strength, 345 MPa (50 ksi).

Figure 88. Deformed shapes and Key Stress Contours—NEO100 Perfect
Configuration-Unbonded Top and Bottom: (a) and (b) undeformed shape; (c) and 
(d) deformed shapes; (e) elastomer shear strain; ( f ) elastomer triaxial stress (MPa);
(g) elastomer principal strain; (h) steel von Mises Stress (MPa).



The analysis implies that, for bearings subjected to shear and
rotation, there should be a minimum shim thickness limit asso-
ciated with plate bending. If the shim is too thin, the reinforce-
ment will yield in bending and the bearing will have a perma-
nent kink near the edge as observed in some tests (Crozier et
al., 1974). A minimum 3-mm (1⁄8-in. or 12-gauge)-shim thick-
ness as used in this research will usually limit the maximum
steel bending stresses to prevent permanent plate deformations.
The plate bending will have little effect on the function of the
bearing, but it may be visually objectionable.

The shim misalignments cause significant increases of up to
50 percent of the perfect alignment stresses. The data indicate
that the misalignments associated with Run 4 always give the
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highest steel stresses for all four materials, and for Run 1
always give the lowest steel stresses. The perfect alignment
gives the second lowest stress level. A reduction in the edge
cover increases the steel stresses up to 20 percent (compare
Runs 11 and 15/16); an increase in edge cover has little
effect. The percent change in the elastomer layer thickness at
the edge of the bearing because of shim misalignment from
the perfect configuration is directly related to the increase in
the maximum steel stresses. For example, the 1.5-deg rota-
tion of Run 14 changes the edge thickness of the interior
layer on the compressed side from 12.7 to 18.7 mm (0.50 to
0.74 in.), a 47-percent change in the edge thickness. A simi-
lar percent change in edge thickness occurs for Run 13. The

Figure 89. Deformed shapes and Key Stress Contours—NR200 Perfect
Configuration-Unbonded Top and Bottom: (a) and (b) undeformed shape; (c) and 
(d) deformed shapes; (e) elastomer shear strain; ( f ) elastomer triaxial stress (MPa);
(g) elastomer principal strain; (h) steel von Mises Stress (MPa).



change in the steel stress was about 32 percent for Run 14 and
41 percent for Run 13. A vertical shift of 3 mm (0.12 in.) in
Runs 9 and 10, a 24-percent change in thickness, results in a
17- and 22-percent increase in steel stress for NR100 and
NEO100 bearings, respectively. Other combinations give sim-
ilar results because the perfect alignment case of three equal
elastomer layers is close to ideal (i.e., lowest steel stresses).
Any change in thickness generally increases the steel stresses.

Unbonded Top and Bottom Bearing Surfaces

Because of slip at the contact surface, especially near the
edges, an elastomer layer with one of its bearing surfaces
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unbonded to a steel plate will bulge more than a bearing with
bonded sole plates. This additional bulging increases the ver-
tical displacement within a layer by a factor of 1.4, based on
the β =1.4 factor for cover layers in AASHTO Design (1996).
Thus, the axial stiffness of the unbonded bearing should be
3/(1.4 + 1 + 1.4) = 0.79 times as stiff as the same bearing with
sole plates (there should be 21 percent more vertical dis-
placement in the unbonded bearing with two shims). The ratio
of the average axial stiffness of the bearings with and without
bonded sole plates is 0.82 for the four elastomer materials,
which is close to the predicted value of 0.79. The average
shear stiffness of the unbonded bearings is 0.82 that of the
bonded bearings. The stiffness ratio is consistent with the
reduction factor of 0.8 to 0.9 for a three-shim bearing reported

Figure 90. Deformed shapes and Key Stress Contours—NEO200 Perfect
Configuration-Unbonded Top and Bottom: (a) and (b) undeformed shape; (c) and 
(d) deformed shapes; (e) elastomer shear strain; ( f ) elastomer triaxial stress (MPa);
(g) elastomer principal strain; (h) steel von Mises Stress (MPa).
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Bearing 
Material 

(G) 
Performance Variable Minimum  

Value 
Maximum  

Value 

Variation 
From Perfect 

Alignment 
(Percent of Run 16)

Maximum 
Specified 

Limits 

Axial Stiffness (kN/mm) 184  211 -11 +2 186-227
Shear Stiffness (kN/mm) 0.96 1.01 -0 +5 0.86-1.05
Rotational Stiff. (kN-m/deg) 1.13 3.22 -53 +33  No constraint
Shear Strain 1.60 1.80 -9 +2 < 6 
Principal Strain 1.71 1.85 -4 +3 < 2 
Tensile Stress (MPa) 1.25 2.26 -38 +11 <  3.5 
Bond Stress (MPa) 0.90 1.08 -14 +3 < 1.31 
von Mises Stress (MPa) 114 206 -14 +56 < 345 
Axial Stiffness (kN/mm) 187 217 -11 +4 190-232 
Shear Stiffness (kN/mm) 0.95 1.01 -1 +5 0.86-1.05 
Rotational Stiff. (kN-m/deg) 1.41 3.53 -52 +31 No constraint
Shear Strain 1.56 1.72 -8 +2 < 6 
Principal Strain 1.55 1.68 -4 +4 < 2 
Tensile Stress (MPa) 1.33 2.14 -32 +9 < 3.53 
Bond Stress (MPa) 1.03 1.21 -8 +8 < 1.81 
von Mises Stress (MPa) 117 210 -15 +53 < 345 
Axial Stiffness (kN/mm) 341 389 -10 +2 342-418 
Shear Stiffness (kN/mm) 1.81 1.91 -0 +5 1.64-2.0 
Rotational Stiff. (kN-m/deg) 2.07 6.29 -55 +36 No constraint
Shear Strain 1.60 1.75 -8 +1 < 6 
Principal Strain 1.58 1.75 -5 +5 < 2 
Tensile Stress (MPa) 2.64 4.27 -31 +11 < 7.2 
Bond Stress (MPa) 1.92 2.42 -10 +13 < 3.4 
von Mises Stress (MPa) 177 316 -16 +50 < 345 
Axial Stiffness (kN/mm) 396 453 -10 +3 395-483 
Shear Stiffness (kN/mm) 2.06 2.20 -1 +6 1.87-2.28
Rotational Stiff. (kN-m/deg) 4.29 8.51 -38 +24 No constraint
Shear Strain 1.43 1.57 -7 +2 < 6
Principal Strain 1.31 1.68 -4 +23 < 2
Tensile Stress (MPa) 2.63 3.96 -33 +1 < 7.5
Bond Stress (MPa) 2.17 4.30 -9 +81 < 7.4
von Mises Stress (MPa) 195 335 -16 +44 < 345 

NR100  
(0.585 MPa) 

(84.9 psi) 

NEO100 
(0.590 MPa) 

(85.7 psi) 

NR200 
(1.21 MPa) 
(175 psi) 

NEO200 
(1.25 MPa) 

(182psi) 

1 MPa = 145 psi,  1kN = 0.224 kips,  1 mm = 0.039 in.,  1m = 3.28 ft 

TABLE 33 Summary of static analysis results

by Hamzeh et al. (1995). The reduced stiffness is caused by the
roll at the edge for unbonded bearings—compare deformed
shapes (d) of Figures 83 and 87. The rotational stiffness and
the internal stresses and strains in the rubber are all smaller
in an unbonded bearing. The stresses in steel laminates are
approximately 10 percent higher in the NR100, NEO100,
and NR200 unbonded bearings and 18 percent higher in the
NEO200 bearing. However, the zone of high steel stress is
much smaller in the unbonded bearings shown in Contour (h)
of Figures 87 through 90 than in the bonded bearings of Fig-
ures 83 through 86. Overall, an unbonded elastomeric bearing
is a better design choice because of its lower stresses and lower
shear and rotational stiffnesses.

Development of Shim Misalignment Limits

Based on the interaction of Equation F1 with appropriate
coefficients in Table F2 of Appendix F of the research team’s
final report, the combined limits on vertical misalignment
(X1), edge cover misalignment (X2), and shim inclination

(X3) were determined so that the resulting performance param-
eter just meets the constraints tabulated in Table 27. The min-
imum value of each misalignment from all eight performance
parameters for all four materials was determined and plot-
ted. Usually the axial stiffness constraint ±10 percent, the
shear stiffness constraint ±10 percent, or the steel stress limit
Fy = 345 MPa (50 ksi) controlled the minimum misalignment
limit. Figure 91 shows the allowable shim misalignments
applicable to satisfy all the performance constraints for all
four types of bearings (i.e., NR100, NEO100, NR200, and
NEO200) studied.

The limiting surface equation defining the interaction among
the three misalignment variables is shown in Figure 91
where v, y, and θ are the absolute values of vertical mis-
alignment (mm), horizontal misalignment (mm), and rotation
of the shim, respectively. If two misalignments are known,
their absolute values can be used in this equation to get the
maximum allowable value (±) of the third misalignment. Note
that these misalignments are measured from the perfect con-
figuration. For example, if the perfect cover is 6 mm (0.24
in.), a horizontal misalignment of 3 mm (0.12 in.) means that



the cover on one side is 3 mm (0.12 in.) while on the other
side the cover is 9 mm (0.35 in.). If the perfect layer thickness
is 12.7 mm (0.50 in.), a vertical misalignment of 3 mm (0.12
in.) means that the layer thickness can be 9.7 or 15.7 mm (0.38
or 0.62 in.). Similarly, a rotation misalignment of 1 deg means
that shims can have an angle of ±1 deg from the horizontal
during the molding process. Figure 91 shows that the effect
of horizontal misalignment on the performance is small. By
eliminating the horizontal misalignment variable and con-
verting the shim inclination from degrees to radians, the fol-
lowing conservative equation can be used to define shim-
tolerance limits in AASHTO:

where θ (radians) and v (mm) are absolute values. If the spec-
ified elastomeric layer thickness is hr , the bearing length is L,
and H1 and H2 are the measured thicknesses at the two ends
of the layer, then v = |hr − 0.5(H1 + H2)| and θ = |(H1 −H2)/2L|
for interior layers and θ = |(H1 − H2)/L| for top and bottom lay-
ers. From Equation 20, the maximum inclination of a shim
would be 0.024 (2.4 percent). Figure 91 and Equation 20 can
be used for other bearing geometries (Kumar, 2000) provided
that the minimum elastomer layer thickness H2 ≥ 5 mm (3⁄16 in.).
A simpler but more conservative expression

could also be used to define shim tolerance limits.

7 5 0 35 0 02 21. . . ( )θ θ+ ≤ ≤v

hr

provided 

θ ≤ − − +( )0 024 0 001 0 55 0 77 0 38 202 3. . . . . ( )v v v
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In general, the tolerances given in Table 2 of AASHTO
M251-97 are well below the laminate misalignments that
affect the performance of the bearings. Equation 24 indicates
that greater tolerances can be permitted without affecting per-
formance. The existing AASHTO layer thickness tolerance
(Figure 1), ±20 percent of the design value but no more than
±3 mm (1⁄8 in.) should be replaced by Equation 21. The current
20 percent of design limit controls the tolerance for specified
layer thicknesses of 15 mm (0.59 in.) or less. Given that elas-
tomeric layer thicknesses less than 6 mm (1⁄4 in.) are not very
practical the 20-percent limit varies the tolerance between
1 and 3 mm (0.05 to 0.12 in.). Because of the cover, it is dif-
ficult to measure and locate the edge of each shim precisely,
so it is doubtful that any measurement of layer thickness could
be accurate to better than ±1.5 mm (1⁄16 in.). Therefore it is rec-
ommended that the same tolerances be applied to all bearings.
The minimum layer dimension of 5 mm (3⁄16 in.) will control
the permitted shim misalignment for bearings with small spec-
ified layer thicknesses. It is recommended that the current tol-
erance for edge cover be maintained at −0, +3mm (+1⁄8 in.).

Evaluation of the Peel Test

As shown in Figure 92, the bond integrity at the interface of
the rubber layer and the steel laminate is governed by a tan-
gential stress, t , and a normal stress, n. A tensile normal stress
is detrimental to the metal-to-rubber bond, while a compres-
sive normal stress strengthens it. For the elastomeric bearings
analyzed in the present study, the normal stresses at all loca-
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Figure 91. Allowable misalignments of laminate in elastomeric bearings.



tions at the bond line were always compressive. The maximum
tangential stresses, tabulated in Table 33 as Bond  stress, were
well below the failure limit for the respective bearing.

AASHTO specifications require a peel test, ASTM 
D429-82 Method B modified, shown in Figure 93(a), to
assess the integrity of the metal-to-rubber bonds. Note that
this test is a measure of bond failure in tension and, there-
fore, is not representative of the loading mode experienced
by elastomeric bearings as shown in Figure 92. The shear test
shown in Figure 93(b) is more applicable for the elastomeric
bearings. The experimental data shown in Figure 82 were
obtained using a similar test shown in Figure 93(b). In these
figures, average shear stress, which can also be interpreted
as average bond stress, is plotted against average shear strain.
Note that the experimental data extend above the maximum
allowable bond stress tabulated in Table 33. No bond failure
was observed during these tests, implying that the allowable
bond stresses tabulated in Table 33 are adequate to address
failure due to delamination at the bond line. Based on these
analytical and experimental results, a dual-lap shear bond
test method is presented in Appendix C of this report that is
more appropriate than the peel test currently stipulated. The
recommended test is conservative because no helpful com-
pression force is applied for simplicity.
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CRACK GROWTH

The study of fatigue crack growth had two objectives. The
principal objective was to determine the rate of growth of pre-
existing surface cracks under repeated mechanical loadings
and, thereby, to ascertain the significance of ozone-induced
surface cracking. The secondary goal of the analytical study
was to evaluate the likely behavior of debonds, whose ori-
gins would lie in the manufacturing process. Some investi-
gators (Stevenson and Lindley, 1982; Stevenson, 1983) have
questioned the importance of ozone in the fatigue of elas-
tomers when compared with physical tearing at the crack tip.
Others (Lee and Moet, 1993; Selden, 1998; Young, 1986)
have reported a significant increase in crack growth rate result-
ing from ozone. Although the conclusions made from these
investigations are useful in understanding the fatigue behavior
of elastomers in general, they are probably insufficient in
indicating the behavior of an ozone-induced surface crack in
an elastomeric bridge bearing. All of these investigations
involved bonded rubber blocks, test coupons, or other config-
urations that differ considerably from a laminated bridge
bearing. In addition, these investigations did not consider load-
ing conditions similar to those of a bridge bearing. Therefore,
because of these differences in specimen design and loading
conditions, a crack growth study was undertaken to evaluate
the fatigue behavior of a real bridge bearing with ozone-
induced surface cracks.

The exact quantification of fatigue life cannot be made with-
out the experimental determination of material parameters, the
cost of which is well beyond the scope of the present project.
Nor was it possible to analyze all classes of bearings. How-
ever, by making, at every point, conservative assumptions and
obtaining predictions for the fatigue life of a typical bearing
design that are orders of magnitude in excess of any realistic
requirements, the research team concluded that a more detailed
effort in this matter is not warranted.

Method of Analysis

The analytical studies used a single bearing design that is
referred to as the model bearing. The model bearing design is

(a) (b)

Rubber

Rubber

Laminate

Metal
Metal

Metal

PULL

PULL

Figure 92. Bond stress at the interface of rubber layer
and steel laminate.

Figure 93. Peel test and shear test to measure bond strength.



one of the designs used in the experimental phases of the proj-
ect and is typical of reinforced bearings. All analyses were
done on the model bearing, which is shown in Figure 4. The
edge cover was 6.4 mm (0.25 in.). The model bearing contains
two steel reinforcing plates and does not have sole plates.
The rubber is a medium-filled (50phr carbon black) natural
rubber compound with a nominal shear modulus of 6.9 MPa
(1000 psi). The stress-strain response of the model in shear is
shown in Figure 82 by the open circles. The material response
is very similar to the measured shear stress-strain behavior of
NEO100.

In order to represent the true behavior of the bearing and
thus obtain accurate values of crack growth, the application
of proper loading conditions was necessary. All bridges expe-
rience a constant compressive load (dead load) resulting from
the weight of the bridge structure. Also, the bridge experi-
ences a cyclic compressive load (live load) resulting from
traffic. A 107 kN (24 kips) live load and a 200 kN (45 kip)
dead load was calculated (Collingwood, 1999) based on a
simple static analysis using only large trucks with a typical
axle weight of 142 kN (32 kips). These two compressive loads
account for the compressive loading on the bearing. In addi-
tion to compression, the bridge undergoes two types of shear
loading resulting from thermal expansion of the girders. The
first involves a yearly maximum shear deformation resulting
from seasonal changes and the second involves a daily maxi-
mum deformation resulting from daily temperature changes.
The AASHTO specifications specify that the maximum shear
strain in a bearing be no greater than 50 percent, which is
assumed to occur once a year. The maximum daily shear
strain was determined from a calculation of thermal expan-
sion and contraction of the girders of a typical bridge due to
daily temperature changes. The calculation was made using a
worst-case scenario for girder length and change in tempera-
ture. The value of shear strain obtained was 20 percent. The
final loading condition that the bearing undergoes is a rotation
resulting from bending in the girders. This rotation is usually
on the order of a few degrees. Rotation was not considered in
this research. A typical highway bridge has on the order of 
2 million heavy trucks pass over each year; thus, a frequency
of 2 million was assigned to the live load on the bridge. The
maximum yearly shear (50 percent) obviously occurs once
each year and the daily shear (20 percent) occurs 365 times
per year. The yearly loading spectrum used in the crack growth
analysis is summarized in Table 34.

A two-dimensional, finite element model was used to model
a typical bearing based on plane strain assumptions and stress
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distribution results of a preliminary three-dimensional analy-
sis. Submodeling was used to capture the behavior of the bear-
ing in critical areas (i.e., crack regions). Crack trajectories
were predicted and used in subsequent crack growth models
to determine tearing energies. The tearing energies calculated
for each crack length were then used to predict the time nec-
essary for a surface crack to grow 40 percent through the
depth of the cover (rubber beside shims). The analytical study
consisted of a sequence of finite element analyses of the typi-
cal model bearing design. Ten crack locations along the edge
were initially investigated. The critical crack location, Crack
2, as shown in Figure 94, was identified by analyzing surface
cracks at the various locations. The model bearing, including
the critical surface crack, was analyzed subject to the loading
patterns given in Table 34. Compressive loading was most
significant for Crack 2. It was determined that the shear load-
ing caused more tearing as the crack approached the bottom
corner of the bearing. Based on these results, the bottom crack
was chosen as the second critical location. These cracks were
used in the fatigue analysis and were identified as Crack 1 (bot-
tom crack) and Crack 2 (middle crack). Figure 94 shows the
two surface crack locations chosen for the fatigue analysis.

Crack Growth Analysis

The method of predicting fatigue crack growth utilizes frac-
ture mechanics principles for which the key parameter (i.e., the
tearing energy available to drive the crack growth) is calcu-
lated using finite element analyses. This scheme has been
developed and validated through the research effort “Inter-
national Fatigue Life Project” (IFLP). The IFLP was a joint
industry-funded project of the Materials Engineering Research
Laboratory (MERL) of Hertford, England. The IFLP included
the development of finite element software, materials test-
ing, and component fatigue testing (including several model
elastomeric bearings). The fracture mechanics basis for the
research team’s method is that described by Stevenson (1983).
For the finite element analyses, the research team used the soft-
ware package, FLEXPAC, developed as part of the IFLP, and
the commercially available package, ABAQUS®. A detailed
description of the finite element analyses procedures is given
in Collingwood (1999).

d a

Crack 1

Crack 2
0.0
0.05
0.1
0.1
0.5
1.0
5.0

0.1
0.1
0.1
0.2
0.2
2.0
5.0

d       a
Debonds

Mean 
Compression 

(kN) 

Cyclic 
Compression 

(kN) 

Mean Shear 
Strain  
(%) 

Cyclic 
 Shear Strain 

(%) 

Frequency 
  
(cycles/year) 

200 107   2 x 106 

200  0 50 1 
200  0 20 365 

TABLE 34 Fatigue loading spectrum

Figure 94. Critical crack locations.



The relevant results of the finite element analyses are the
values of T, the tearing energy for a given crack geometry sub-
ject to a particular pattern of loading. A fatigue crack growth
model relates the tearing energy to the rate of crack growth.
The calibration of such a model for a given rubber compound
requires extensive testing of repeated loadings. Many tests are
needed—the magnitude of mean stress as well as stress ampli-
tude must be varied. Individual tests may take weeks to per-
form. A fatigue model determined in the IFLP for a compound
similar to one of the present study’s test bearings is shown in
Figure 95. The rate of crack growth, dc/dN, in millimeters of
crack length extension per cycle of loading, is shown as a func-
tion of the tearing energy, T, in kilojoules per square meter.
The odd axes values result from the conversion from the orig-
inal U.S. units. Curves are given for several values of R, the
ratio of maximum-to-minimum tearing energy in a cycle of
loading. It can be seen that the rate of crack growth is very
much smaller when the crack is not completely unloaded
between maximum loadings (i.e., when R is greater than
zero). This behavior is characteristic of strain-crystallizing
rubbers (e.g., natural rubber). This aspect of the fatigue behav-
ior of natural rubber is important in bridge bearings. Clearly,
the dead load, which is responsible for a large part of the tear-
ing energy seen by a surface crack, is not cyclic in nature. Thus
the value of R is considerably greater than zero, typically 0.3
to 0.4 in the present study. Fatigue data for large R values are
scarce because of the long times necessary for such tests. The
research team used R = 0.20, the largest value for which data
are available. Extrapolation of the material data to larger val-
ues is not usually reliable and the research team chose not to
do so. The use of the smaller value of R adds to the conserva-
tiveness of the calculations.

Fatigue crack growth calculations were made by integrating
the rate of crack growth as determined by the crack growth
model and the calculated values of tearing energy at various
crack lengths as the crack extends. The path along which the
crack growth is modeled is selected by the analyst. In this
study, perturbations in the selected path were examined and
the path increment having the largest value of tearing energy
was used.
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Fatigue Crack Growth

The finite element modeling of this phenomenon was
achieved by first modeling the global model with a sufficiently
fine mesh to capture the general behavior of the bearing. Then,
a much more detailed mesh of the critical regions was created
in order to study those regions using submodeling techniques.
To analyze the critical crack regions, a submodel was created
with an initial crack length of 0.51mm (0.02 in.). The incre-
mental value of crack growth for each crack studied was also
chosen as 0.51mm (0.02 in.). Once the analysis of the initial
crack increment was finished, the strains in the elements at
the crack tip were examined to determine the new direction
for crack growth. This analysis continued until a crack depth
of approximately 3 mm (0.12 in.) was reached.

Two fatigue calculations were made for each crack—one
with a stress-softening model included in the fatigue calcula-
tion and the other without. Softening is a phenomenon occur-
ring in elastomers that causes the material to relax after the
first few cycles of loading. The predicted crack growth history
is shown in Figure 96. It is seen that the critical surface crack
grows slowly, reaching a depth of 2.5 mm (0.1 in.) in approx-
imately 1200 years for the more conservative, unsoftened
model. This is less than 40 percent of the depth of cover. If the
softening of the material because of load cycling is included in
the model, then the crack growth is slowed and even longer life
is predicted. It is concluded that the growth of surface cracks
because of fatigue loading is not a realistic concern. In addi-
tion, several crack growth scenarios were considered to sup-
plement the primary study relating to surface cracks. Given that
AASHTO specifications allow cracks larger than the initial
cracks that were considered in the surface crack study, cracks
with greater depth were analyzed. The results showed that the
rate of crack growth decreases as the crack grows through the
cover. The time necessary for an initial crack with a depth of
3 mm (0.12 in.) to grow to 4 mm (0.16 in.) is approximately
800 years. This seems to indicate that the high level of com-
pression in the region bounded by the shims impedes crack
growth originating from the bearing surface. Based on these
results, further studies of the growth of surface cracks are not
warranted.

Delamination Study

Delamination is a separation of the elastomer from the metal
shim. The propagation of delamination typically occurs as a
cohesive failure in the elastomer adjacent to the bond rather
than a failure of the bond itself. It is reasonable, therefore, to
utilize the same method of analysis and the material data that
are used to predict fatigue growth of cracks in the bulk elas-
tomer. The origin of delamination is a region of weak or totally
absent bond over some portion of the interface. In this study,
calculations of crack growth rates were made for several hypo-
thetical debonds such as might result from manufacturing
defects. The debonds studied were located along the lower sur-
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Figure 95. Fatigue model for the elastomer.



face of the lower shim in the two-shim design as shown in Fig-
ure 94. This position was selected because it is the location of
the maximum tensile strain in the finite element model with-
out debonds. The rate of growth for debonds near the end of
the shim is greater than that for debonds near the middle of the
bearing. The debonds used in this study are defined by their
length, a in millimeters, located a distance, d millimeters, from
the end of the shim in Figure 94. The elastic material model
used in this study is that given for NR200 in Figure 82.

The cyclic loading patterns given in Table 35 were applied
to the finite element model. The pairs of loads in each pattern
were chosen to produce large values of tearing energy along
with a small R ratio. Because the frequency of load pattern 3
is orders of magnitude greater than any other loading, the
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growth resulting from this pattern will overwhelm all other
loadings unless the tearing energy for the other loadings is
orders of magnitude larger than that for pattern 3. Two-
dimensional (plane strain) finite element analyses of vari-
ous crack configurations were performed. In addition to the
debond configurations, an edge crack of depth 5 mm, labeled
Crack 2 in Figure 94, was also subject to the alternating loads
of Table 35. The resulting values of tearing energy for the
edge crack and for a typical debond of the same dimension
(d = 5 mm and a = 5 mm) are shown in Table 36. Qualita-
tively similar results were obtained for all debond analyses.

From Table 36, three significant observations can be made.
First, the tearing energy for loading pattern 3 compares with
that for all other loadings. The implication is that only this dom-

Pattern 
 No. 

Edge Crack T 
(kJ/m2) 

Edge Crack R Unbond T 
(kJ/m2) 

Unbond R 

1 0.278 0.26 0.211 0.14

2 0.212 0.31 0.187 0.16

3 0.149 0.40 0.391 0.15

4 0.109 0.71 0.192 0.21

5 0.021 0.85 0.086 0.60

Minimum Maximum 

Pattern 
 No. 

Comp. Load 
(kN) 

Shear Strain 
(%) 

Comp. Load 
(kN) 

Shear Strain 
% 

Frequency 

    (cycles/yr) 

1 200 0 307 50 1 

2 200 0 307 20 365 

3 200 0 307 0 2×106 

4 307 50 200 -50 1 

5 307 20 200 -20 365 
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Figure 96. Fatigue life for Crack 2.

TABLE 35 Cyclic loading spectrum

TABLE 36 Tearing energy values
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inant mode need be considered in prediction of crack growth.
The second observation is that for this dominant loading pat-
tern, the debond has more than twice the tearing energy of the
edge crack. Doubling the value of the cyclic tearing energy
value increases the rate of crack growth by a factor of approx-
imately 1.5. The third observation is that the R ratio for the
debond is, for every load combination, significantly less than
that of the edge crack. Using the data represented in Figure 95,
the research team conservatively estimates that an R ratio of
0.15 will produce a crack that grows 10 times faster than a sim-
ilarly loaded (equal tearing energy values) one with R equal to
0.4. Therefore, it is recommended that delamination flaws be
strictly avoided. The configuration of a delamination that has
grown to the edge of the shim is shown in Figure 97.

Figure 97. Crack growth initiating 
at a delamination.
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RECOMMENDED REORGANIZATION 
OF AASHTO SPECIFICATIONS

Test methods and tolerances for elastomeric bearings
appear in the two AASHTO bridge construction specifica-
tions (Standard and LRFD versions) and the AASHTO
M251-97 Materials & Testing Specification. Although all
three of these documents have essentially the same require-
ments, the few differences among them make it difficult for
some manufacturers and testing agencies to comply with
them. It is not clear which of the documents (construction or
testing) take precedent. The following are the substantial dif-
ferences among the documents for Construction-Standard,
Construction-LRFD, and Materials & Testing, identified as
CS, CL, and M, respectively:

1. Every bearing is subjected to the short-term compres-
sion test in CS and CL at 1.5 times its rated service
load; every fifth bearing is subjected to the same test in
M but at 1.5 times its maximum design load.

2. A compressive strain test at maximum design load
(strain must be less than 0.10) is required by M, no such
test is required in CS or CL.

3. In CS and CL, the peel test is ASTM D429-82, Method
B; in M, the ASTM D429-82, Method B test is modified.

4. An additional low-temperature, full-size shear test is
required in M that is not required in CS and CL.

5. The duration requirements in the heat resistance test are
different for natural rubber compounds in M and in CS
and CL.

6. The 15-hr compression test is only required for bearing
lots that have been designed by Method B in CS and M;
the test is not required if Method A is used; in CL, there
is no mention of design methodology, so the test is
required for all lots.

There are two principal reasons for the differences among
the various documents: (1) two different AASHTO subcom-
mittees are responsible for the construction specification and
the material specification and (2) the two design specifications
(Standard and LRFD) issue almost yearly interims that result
in oversights and printing errors.

It is recommended that all requirements related to the
manufacturing and testing of elastomeric bearings and their
materials be under the purview of the AASHTO materials
committee and contained in AASHTO M251-(year). Require-

ments in the construction specification should be related to the
installation of the bearing after it is delivered (e.g., the condi-
tion of the bearing contact surfaces). This approach will elim-
inate all the inconsistencies among the three documents. Draft
changes to the sections related to elastomeric bearings in the
LRFD Construction Specification (Standard would be similar)
are given in Appendix D of this report. A revised AASHTO
M251 document is given in Appendix E of this report and
incorporates the testing changes recommended above.

RECOMMENDED CHANGES 
TO AASHTO SPECIFICATIONS

Design Specification

The current AASHTO test matrix shown in Figure 1, in
which there are two levels of tests, has evolved because the
AASHTO Bridge Design Specifications have permitted two
different design levels, Method A and Method B, since 1992.
Bearings designed by Method A have lower permitted com-
pressive stresses and Level I tests apply; the higher compres-
sive stresses permitted by Method B require compliance with
both Level I and Level II test criteria. The method used in
design must be shown on the plans so that the proper test level
can be established. Given that the bearing manufacture is not
altered by the design method, the degree of sophistication im-
plied by the dual test levels appears unwarranted in lieu of the
relative low cost of the bearings coupled with their excellent
performance record prior to 1992. Therefore, the following
general changes to the AASHTO Bridge Design Specifications
are recommended in order to streamline the testing require-
ments and remove potential conflicts:

1. Specify only one design method (e.g., Method B).
Engineers can always use lower compression values if
desired, but extensive experimental research has shown
that elastomeric bearings with steel laminates can sup-
port loads 6 or more times the current design values.

2. Specify the bearing material by shear modulus only
and eliminate hardness requirements. The require-
ment that shear modulus and hardness values fall within
certain specified limits would reject half the bearings
used in this project (NEO150, NEO200, and NR200) for
a reason that has nothing to do with bearing performance.

CHAPTER 4

APPLICATIONS 
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3. Eliminate the restriction on the use of higher stiffness
materials for steel-laminated bearings. The range of
stiffnesses should not be different for plain and steel-
laminated bearings.

The shear modulus is determined from the stress-strain
response of the elastomer, which basically controls all stiff-
nesses and internal stresses within the elastomer. All theoret-
ical analyses use the stress-strain curve, not hardness, to rep-
resent the material. Except for creep, the AASHTO bridge
design formulations for bearings require the use of shear mod-
ulus. Therefore, in a performance-based specification, the
shear modulus must be specified and then monitored for com-
pliance. Currently, the durometer is required to fall within the
range of 50 to −60 for steel-laminated bearings, so instead, a
range of shear moduli could be given. However, the approach
adopted by Eurocode is suggested wherein one of three grades
(shear moduli) of material is specified for use in bridge bear-
ings. The three durometers in Table 14.7.5.2-1 of AASHTO
LRFD would be replaced by the three recommended shear
modulus grades as shown in Table 37 for steel-laminated
elastomeric bearings. Tests results (secant shear modulus at
50-percent strain) would have to fall within 15 percent of the
specified shear modulus. The engineer of record can specify
higher shear moduli for plain pads. The three recommended
shear moduli in Table 37 based on 50-percent strain corre-
spond to 0.70, 1.0, and 1.4 MPa (100, 150, and 200 psi) shear
modulus based on the 25-percent strain used in the ASTM
4014-89-Annex A quad shear test. The ratio of the shear
modulus at 25-percent and 50-percent strain from full-size
bearings with bonded sole plates and from the stress-strain
curves in Figure 82 from the creep shear specimens is

approximately 20 percent, which accounts for the difference.
For bearings without bonded sole plates, 0.9G should be used
in all formulations and calculations that contain G to account
for the reduced stiffness noted in Chapter 2 and resulting
from the effect of edge roll and edge slip in such bearings.

M251 Materials and Testing Specification

Based on the research presented in Chapters 1, 2, and 3, the
tests listed in Table 38 are recommended for the elastomeric
material and the finished bearing in a lot.

The following current tests have been eliminated:

1. Hardness (ASTM 2240-91),
2. Heat resistance–aging (ASTM D573),
3. Compression set (ASTM D395-89),
4. Ozone resistance (ASTM D1149),
5. Low-temperature full-scale shear test,
6. ASTM D1043-92 for instantaneous stiffening,
7. Bond strength–peel test (ASTM D429-82, Method B), and
8. Long term compression–15 hr.

Specified shear modulus @ 23°C in MPa
(psi) 

0.55 
(80) 

0.80 
(120) 

1.10 
(160) 

Maximum Creep 
deflection @ 25 years 

divided by 
instantaneous deflection 

0.25 0.35 0.45

TABLE 37 Specified shear modulus, G, and maximum creep

TABLE 38 Recommended test matrix

Elastomer or Bearing Property Test Method 
Tensile Strength ASTM D 412 

% Elongation ASTM D 412 

Creep (Stress Relaxation) New Test –Appendix D 

Shear Bond New Test – Dual Lap Shear Test - Appendix D  
or 
Appendix A modified 
or 
Full Scale 

Shear Modulus @ 23°C ASTM D 4014-Annex A modified (quad shear test),  
or 
New Test - Inclined Compression Test (Appendix A) 
or 
New Test - Dual Lap Shear Test Apparatus (Appendix D) 

Short Term Compressive Load Test  
@ 1.5 times the maximum design load 

 

Compressive Strain (optional) New Test – Appendix C 
Low Temperature Brittleness ASTM 746 – Procedure B 
Low Temperature Stiffening at  
Temperatures and Strains Specified 
by Low Temperature Grade 0,2,3,4,5. 

ASTM D 4014-Annex A modified (quad shear test),  
or 
New Test - Inclined Compression Test (Appendix A) 
or 
New Test - Dual Lap Shear Test Apparatus (Appendix D) 
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These changes are reflected in a revised draft of the AASHTO
M251 Specification given in Appendix E of this report. In the
following sections, the reasons for eliminating or retaining
each of these tests will be reviewed.

Tests To Be Eliminated from AASHTO M251

Hardness. In previous sections of this report, two main rea-
sons have been expressed for eliminating hardness: (1) hard-
ness cannot be directly tied to bearing performance and (2) its
continued use, within a design specification now based on
shear modulus, only causes confusion. In the past, a single
allowable maximum compressive stress was used for all bear-
ings, so requiring the elastomer hardness to fall within a par-
ticular range was a simple way of maintaining consistency in
performance. The current design specifications (AASHTO
Bridge, Eurocode) are now more sophisticated with the allow-
able compressive stress related to the magnitude of the shear
modulus. Because it is doubtful that AASHTO will go back to
a single stress approach, hardness should be eliminated.

Heat Resistance. In Chapter 2, Aging, the experimental
evidence presented shows that the change in shear modulus
over time would be insignificant for typical bridge bearings,
which are very bulky products loaded mainly in shear, com-
pared with the ASTM D573 very thin specimen loaded in ten-
sion. Field studies have also noted that the important bridge
bearing elastomer properties do not change significantly, even
after decades of use. The result of this ASTM test has no effect
on the performance of the bearing in service and more legiti-
mate test methods for predicting aging presented in Chapter 2
show that a 10-percent change in the shear modulus would
generally take hundreds of years for even a small bearing.
Therefore, heat resistance (aging) tests are unnecessary.

Compression Set. The compression set is essentially a
measurement of recovery after the removal of an applied stress
or strain, so it cannot be used to address creep or relaxation.
The ASTM D395-89 set test is more suitable for applications
such as seals where recovery of deformation may be impor-
tant, rather than bridge bearings were creep is more important.
So, for bridge bearings, the test is more of a quality control test
because the results are sensitive to cure. A stress relaxation
test developed in Chapter 2, which is also sensitive to cure,
can give a direct measure of long-term creep deformation.
Given that this new creep test (Appendix C of this report)
gives a direct measure of one of the important performance
parameters, the set test is no longer needed.

Ozone Resistance. The crack growth studies show that
any edge surface cracks will not grow significantly during the
service life of the bridge. This new information, coupled with
the previous work of other researchers discussed in Chap-
ter 1, warrants removal of the ASTM D1149 test require-
ment. This action will have an important side effect. 
Rubber suppliers will no longer have to add excessive
antiozanant wax fillers to the compound in order to pass the

ozone test. These waxes bloom to the surface forming a vis-
cous layer that has caused serious slip problems.

Low Temperature Full-Scale Shear Test. The perfor-
mance criterion for this test, as discussed in Chapter 1, does
not have a rational basis. There is a different criterion for nat-
ural rubber and for neoprene. AASHTO M251-97 states that
the test is applicable to 50 durometer material, yet is required
for elastomers with 50 to 70 hardness with no change in the
criterion. The maximum permissible 0.83 MPa (120 psi) shear
modulus after 4 days of conditioning at −29°C is less than
the room temperature G of many elastomers. In addition, the
test, which is conducted in an open environment and not a
freezer, requires a 15-min wait after reaching the required
strain level—this will significantly change the bearing temper-
ature as illustrated in Figure 17. The bearing can be exposed to
room temperature for up to 30 min according to the test require-
ments. This test must be removed and replaced with a more
rational shear modulus test.

ASTM D1043-92 for Instantaneous Stiffening. The test
procedure as outlined in Chapter 1 assumes a linear relation-
ship between applied torque and the measured angle of twist
as represented by Equation 1. This may be true for plastics,
but is not valid for rubber, especially at room temperature. In
this test procedure, no specified values of the applied torque
or measured angle of twist are indicated. The only require-
ment is that the measured φ should fall between 10 and 100
deg. This limit will ensure that a relatively stiff material
remains in the elastic range (small strains). For nonlinear
materials such as elastomers, the value of φhas a significant
effect on the calculated G, because G is a function of strain
level for elastomers as explained in Chapter 2. The modulus
is higher at low strains than at high strains. Therefore, com-
parison of the stiffness measured at two different angular
deflections is not realistic for nonlinear materials.

Table 39 presents some typical ASTM D1043-92 test
results from Grade 3 neoprene and natural rubber bearings
tested by a commercial laboratory. Note that the low temper-
ature stiffness of specimens 3, 4, and 5 is less than the room
temperature stiffness. This occurs because the stiffness was
determined at different strain levels. As a result, the current
ASTM D1043 test procedure is invalid and inappropriate to
determine instantaneous stiffening of elastomeric bearings at
low temperatures. The room temperature G derived from
Equation 1 is more than 10 times higher than the G from the
certified report (ASTM D4014-89). A rational way of imple-
menting this test is to obtain G versus φcurves for a specified
range of φ (e.g., from 20 deg to 200 deg) at all test tempera-
tures. Then, the room temperature stiffness and the cold tem-
perature stiffness should be calculated at the same φfrom the
curves generated. However, the control of angular deflection
is very difficult in this test. In addition, the maximum strain
that can be achieved with this test is limited to a value when
angular deflection is 360 deg. For a specimen of 1.75 + 0.25
+ 0.073 in., the corresponding shear strain is 26 percent,
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which explains why the values of G in Table 39 are so high.
Low shear strains produce high shear moduli. The modifi-
cation of this test procedure is not very feasible because the
shear modulus test procedure used for crystallization can
also be used for instantaneous stiffness. Therefore, it is rec-
ommended that this test be eliminated.

Bond Strength–Peel Test. The ASTM D429-82,
Method B, peel test was evaluated in Chapter 3 and shown to
represent the stress conditions at the elastomer-steel interface
in a bridge bearing poorly. A new shear-bond test is recom-
mended in Appendix C of this report.

15-hr Compression Test. This test is basically a 15-hr
creep test. In Figure 52, the deformation of the NR100 bearing
increased 14 percent from 5 min to 900 min (15 hr). There is
little gained by this costly test when compared with the short-
term compression test, so its elimination is recommended.

Test Methods

Tensile strength and percent elongation (ASTM D412-98a)
are quality control tests and no changes are recommended,
except the criterion for elongation will be established by the
shear modulus of the elastomer, not hardness. Three new test
methods have been developed for creep and shear bond, shear
modulus, and low temperature compressive stiffness. The
creep (stress relaxation) test results are to be compared with the
values recommended in the AASHTO bridge design specifica-
tions reproduced in Table 37 and the shear modulus test results
must be within ±15 percent of the specified shear modulus.

Shear Modulus. Four different test methods are recog-
nized for determining shear modulus. All the methods define
the secant shear modulus at 50-percent strain, unless other-
wise specified. The four methods are as follows:

1. Quad shear–ASTM D4014-89–Annex A Modified. The
modification requires that the secant modulus be deter-
mined at 50-percent strain instead of 25-percent strain.

2. Dual-lap shear method. The specimen and test setup are
given in Appendix C of this report.

3. Inclined compression test. The test method is given in
Appendix A of this report. The platen surfaces must be
conditioned to control slip.

4. Full-scale shear test. This method is already cited in
AASHTO M251 and no changes are recommended. In
this test, the axial force and shear force are applied
independently to a pair of bearings. There are no test
setup details given for this method, but some sample
setups are given in Muscarella and Yura (1996) and
Crozier et al. (1974).

When Methods 3 and 4 are used, the experimental shear
modulus should be corrected when small specimens are used
as per Equation 3. The inclined compression method will be
included in AASHTO M251 as Annex A, and the dual-lap
method as Annex B. All these methods will give similar
results as long as the secant modulus is defined at the same
strain level. In all these test methods, the initial strain on the
first loading cycle should be taken to 65 percent because the
strain does not return to zero upon unloading.

Creep (Stress Relaxation). Currently, there is no
AASHTO M251 test for creep, even though the AASHTO
bridge design specification contains creep limitations as pre-
sented in Table 37. The suggested test procedures for the 6-hr
stress relaxation are given in Appendix C of this report. The
results of the stress relaxation test are used to calculate the
estimated creep as a percentage of the instantaneous (defined
as 1 hr) deflection. Given that the creep specimen is loaded to
50-percent shear strain, the shear modulus can be determined
from this test also.

Shear Bond. The shear bond test can be a continuation of
the creep test using the same specimen for both creep and
shear bond. The tests can also be performed independently.
The specimen is loaded in shear to 150-percent strain and then
examined. Any rubber or bond failure observed constitutes a
no-pass rating.

The shear bond test can also be performed using the inclined
compression test setup. A pair of bearings in this case would
be compressed until 150-percent shear strain is reached. If slip
occurs during this test, the test must be repeated using platens
with a smaller slope so that a higher compressive force is
applied or by attaching restraining devices.

Spec Dimensions 
(in.) 

Temp 
 (oF) 

Load, F  
(gr) 

Rotation,θ  
(deg) 

Stiffness  
(F/θ) 

G from
Eq (1) 
(psi) 

Certified 
G 

(psi) 
73 5.5 32 0.172 1600 123.0 1 1.75x0.25x0.073
-40 22 88 0.250 2350  
73 5.5 19 0.289 2315 174.82 1.75x0.25x0.077
-40 22 34 0.647 5176  
73 5 12 0.417 3912 118.5 3 1.75x0.25x0.073
-40 20 128 0.156 1467  
73 5.5 19 0.289 2717 123.04 1.75x0.25x0.073
-40 22 125 0.176 1652  
73 6 12 0.500 4694 118.5 5 1.75x0.25x0.073
-40 24 205 0.117 1099  

TABLE 39 Typical results for elastomeric bearings
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Short-Term Compressive Load Test. This test has been
used for many years as a proof test for checking compressive
capacity and for establishing the alignment of the laminates
and any debonds by examining the elastomer bulge pattern
around the perimeter of the bearing. It is a good quality con-
trol check of the bearing manufacture process. Testing 
every one in five bearings as currently stipulated in AASHTO
M251-97 appears reasonable and is recommended. The
contract documents can always specify a more rigorous
proof-testing program, if desired. Bearings that have been
tested for shear modulus or bond using the inclined compres-
sion or full-scale tests where the compressive force equaled
or exceeded 1.5 times the maximum design load need not be
subjected to the short-term compressive load test.

Compressive Strain. Prior to 1989, bearing design pro-
cedures limited the compressive strain to 0.07. This current
test where the strain is limited to 0.10 is a carryover from that
time. Given that compressive stress, not strain, is now con-
trolled in the AASHTO design specifications for elastomeric
bearings, this test no longer checks a performance require-
ment. Because there may be instances when compressive
deformation is an important design limit (perhaps other types
of bearings should be considered in such cases), the test is
included as an option (the engineer of record must specify the
test strain limit). However, research (Muscarella and Yura,
1995) has shown that compressive deformation is difficult to
predict accurately, even when the properties of the material
are known. The compressive load-deformation responses for
the bearings used in this research were measured and com-
pared with the stress-strain curves for 50 and 60 durometer
given in AASHTO LRFD Commentary. Interpolating for the
actual hardness of each of the six materials gave ratios of
measured/predicted deformation that ranged from 1.21 to
1.47. The formula for calculating compressive deformation
in Eurocode with a stated “accuracy in the order of ±25 per-
cent” gave almost the same results as the AASHTO graphs.
Given that current methods of calculating deflections are so
inaccurate, even with known material properties, it is unlikely
that a performance test for compressive deformation will pro-
vide meaningful results. In Eurocode, compressive stiffness
is used for quality control, when specified, by eliminating
bearings whose compressive stiffness is outside the range of
±20 percent of the mean value for the production lot.

Low Temperature Tests. Both brittleness and stiffening
are checked in low temperature regions. The details (i.e., test
temperature and conditioning time) depend on the current
grading system, which is based on the temperature history at
the site under consideration. The current performance criteria
are the same for instantaneous and crystallization stiffening:
(GC/GR) ≤ 4. The research presented in Chapter 2 has shown
that the current system is overly conservative in both the test-
ing details and the performance criteria. In order to implement
the recommended method accurately, the temperature histo-
ries of numerous locations should be evaluated as outlined in
Chapter 2 and Appendix B of the research team’s final report
to produce an accurate Low Temperature Grade Map. It is
anticipated that the form of the requirements would be simi-
lar to the current system as shown earlier for Anchorage in
Chapter 2. After examining the data for all the cities, a suitable
number of general categories would be chosen (e.g., six
grades) and each city would be rounded into its nearest grade.
Based on the four cities investigated, it appears that Anchor-
age would be in one grade and the other three cities would be
in a second grade. The ratio GC/GR can be determined from
any of the four shear modulus setups or the compressive stiff-
ness test in Appendix B of this report. The question marks
shown in Appendix E of this report indicate that further work
is necessary (develop the Low Temperature Grade Map)
before a rational recommendation can be made.

Outside of Tolerance Test. In Chapter 3, the current tol-
erances associated with shim misalignment were shown to
be conservative. Equations 20 and 21 were developed that
define the limits of vertical and rotational misalignments that
would result in only minor changes in eight stress, strain, and
stiffness parameters of the bearing. Equation 21 is recom-
mended for AASHTO M251. More simply, the layer thickness
tolerance could be increased from 3 mm (1⁄8 in.) to 4.5 mm
(3⁄16 in.). However, simply increasing the current tolerances to
either Equation 21or 4.5 mm (3⁄16 in.) might encourage sloppy
fabrication, so a penalty test is recommended when the current
limits, modified by eliminating the ±20 percent of specified
thickness limit, are exceeded. Whenever the misalignments in
a bearing exceed the modified current limits, but are less than
the limiting values of vertical movement and rotation from
Equation 21, that bearing must be subjected to the short-term
compression test or the inclined compression test.
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It was established through experimental and theoretical
studies that ozone attack, hardness, heat resistance (aging),
and compression set do not affect the performance of an elas-
tomeric bridge bearing significantly, so tests measuring the
effects of these parameters in AASHTO M251 could be
eliminated. The low temperature instantaneous stiffening test
and peel test for bond were found to be ineffective in mea-
suring their respective parameters, which were found to be
important performance parameters. A new inclined com-
pression test was developed that can more readily determine
the shear modulus of a full-size bearing. Surface cracks will
take hundreds of years to grow through one-half of the edge
cover based on crack growth.

An elastomeric bearing can tolerate considerable vertical,
horizontal, and rotation misalignments of laminates without
deterioration in performance. The horizontal misalignment
(cover) is less influential on the performance of the bearing
as compared with the variation of rubber layer thickness and
the rotation misalignment. There is a significant interaction
between the vertical and rotation misalignments. In general,
the tolerances given in Table 2 of AASHTO M251-97 are
well below the laminate misalignments that affect the per-
formance of the bearings.

Creep deformation can significantly affect the performance
of an elastomeric bearing and must be considered during the
design phase of such bearings. The boundary condition at the
top and bottom surfaces plays an important role in control-
ling the long-term deformation. The creep of bearings with
unbonded top and bottom surfaces is highly unpredictable
because of a gradual decay in friction forces at the interface of
the bearing and the contacting surfaces. High modulus bear-
ings show higher percent creep as compared with low modu-
lus bearings. However, the absolute creep deformation of
high modulus bearings is lower than that of the low modulus
bearings, so when the magnitude creep deformation must be
reduced, high stiffness bearings can be used. A time-dependent
shear modulus obtained from a short-term stress relaxation
test can be conservatively used to predict the long-term axial
deflection.

The change in shear stiffness as a result of aging depends
on the size of the specimen. As the size increases, the percent
change in shear stiffness decreases drastically. In general, the
effects of aging are higher in neoprene than in natural rubber.
Arrenhius-based predictions show that full-size bearings at
ambient temperatures will experience insignificant change in
stiffness as a result of aging over their lifetimes, so the aging
tests given in various specifications are irrelevant for the
elastomeric bearings of the moderate-to-high shape factor
rubber layers used in civil engineering applications.

Low temperature stiffening is significant, but its effect on
bearing performance must be established. Temperature his-
tory has a significant effect on low temperature performance,
along with speed of testing and slip. A performance-based
evaluation established that the current test requirements are
very conservative and that bearing materials are being rejected
that would perform satisfactorily in service. The maximum
expected daily bridge strain because of the difference between
the daily high and low temperature is smaller as the tempera-
ture gets lower. So, although the lower temperature increases
the shear stiffness, the maximum shear force may actually
be higher at warmer temperatures because of higher strains.
There is a need to develop a national low temperature per-
formance criteria map following the suggested methodology
presented herein.

Although elastomeric bearings with fabric laminates were
not specifically addressed in this research, the various test
methods described herein should be applicable if they are
treated like plain bearings. Given that the laminates are ex-
posed along the edges in such bearings, environmental issues
may be more important, especially for delamination. Although
AASHTO M251 currently uses the same peel test method for
steel and fabric laminates, California DOT requires that sam-
ples with fabric laminates be immersed in water for 10 days
to represent exposure conditions prior to testing. The shear-
bond test described in Appendix C of this report could adopt
this same conditioning procedure. Research should be con-
ducted to verify that the procedures presented herein are
applicable to elastomeric bearings with fabric laminates.

CHAPTER 5

CONCLUSIONS AND FUTURE RESEARCH
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APPENDIX A

AASHTO M251-ANNEX A

INCLINED COMPRESSION TEST FOR SHEAR MODULUS

A1. SCOPE

A1.1. This method determines the shear modulus of
fullsize elastomeric bearings from the compressive force-
displacement curve after three conditioning cycles to 65%
strain.

A2. APPARATUS

A2.1 A compression test machine shall be used to apply
the load to a pair of test bearings between three inclined
platens as shown in Figure A1.

A2.2 The inclined platens shall be made out of steel or
aluminum. The surface inclination can vary between 1:10 to
1:20. All platens shall have the same surface inclination. The
platen dimensions shall be greater than the dimensions of the
bearings tested. The minimum thickness of the aluminum
platens shall be 12 mm. The top and bottom platens shall be
attached to the testing machine.

A2.3 The platen surfaces, or facing plates attached to the
platens, that are in contact with the bearings shall be rough-
ened to prevent bearing slip during the test. The roughening
can be performed by impacting with a tool that is used to
roughen concrete surfaces, blasting with grit, or other equiv-
alent means. Milled grooves no deeper than 1 mm can also
be used to provide a no-slip surface.

A3. TEST SPECIMEN

A3.1 The elastomeric bearings shall be of uniform thick-
ness and of rectangular or circular in cross-section. The
thickness shall not be less than 6 mm or 1⁄4 in. The length and
width of each bearing shall not be less than four times the
thickness.

A3.2 Plain elastomeric pads must be bonded to rigid plates
on both the top and bottom surfaces. The bonding system
must not require a curing temperature greater than 40°C. The
plates shall be of rectangular section and may be of mild steel.
Plate dimensions shall be slightly larger than bearing dimen-
sions. A thickness ≥ 5 mm can be used for the plates.

A3.3 Measure the length, width and total elastomer thick-
ness of the bearings to determine the average cross-sectional
area (A) and average elastomer thickness (T) of a bearing.

A3.4 Laminated pads shall be tested with or without any
sole plates attached.

A3.5 The contact surfaces of bearings that are not bonded
to steel plates shall be cleaned to remove any kind of residue.

A4. TEST PROCEDURE

A4.1 Allow time for any bonds to achieve adequate strength
and condition the specimen at a test temperature of 23°C ± 2°C
at least 8 hours prior to testing unless another test temperature
is specified.

A4.2 Bearings shall be sandwiched between the platens
until the surfaces are in contact with each other.

A4.3 Two deflectometers shall be attached to monitor the
horizontal displacement of the middle platen. The deflec-
tometers shall be accurate to at least 0.025 mm.

A4.4 Carry out four successive loading and unloading
cycles to a deformation equal to 65 percent of the average
bearing thickness, and at such a loading rate that the time per
cycle is within a range of 4–6 minutes. In all the unloading
cycles, the minimum load shall be 5 kN or 2 percent of the
maximum load, whichever is less.

A4.5 If there is any indication of slip of the bearings relative
to the rigid plates or of bond failure during the test, prepare new
specimens and repeat the test.

 

Figure A1. Inclined compression test setup.



A4.6 If the middle platen does not come back to the same
approximate position after the last two successive unloading
cycles, a slip may have occurred between the bearing and the
platens. This condition must be remedied for a valid test.

A5. DETERMINATION OF SHEAR MODULUS

A5.1 The shear modulus shall be determined from the
fourth cycle of compressive load versus average displace-
ment curve as shown in Figure A2.

A5.2 Take an effective origin at force F1, extension X1
where F1 is 5 kN or 2 percent of the maximum force on the
fourth cycle, whichever is smaller. Determine the force F2 at
an extension X2 given by X1 + 0.5T, where T is the average
total elastomer thickness of the pad (overall pad thickness
minus the thicknesses of all the laminates within the bearing.

A5.3 The shear modulus is calculated as follows:

Shear Modulus
F F

A n
= −( )

×
2 2 1

A-2

for 1:n sloped platens. The factor n converts the vertical com-
pressive force to a horizontal shear force.

F1

X1 X2 (=X1+0.5T)T/2

Fmax

F2

4 th Cycle

1 st Cycle

Fo
rc

e,

Average Displacement0

Figure A2. Compression force vs. shear
displacement.
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APPENDIX B

AASHTO M251—ANNEX C

COMPRESSION STIFFNESS TEST METHOD

C1. COMPRESSION STIFFNESS TEST METHOD

This test determines the compressive stiffness of elasto-
meric bridge bearings over a wide temperature range by direct
measurements of compressive loads and displacements. The
test method is useful for determining the relative changes
in stiffness over a wide range of temperatures as well as
determining the compressive stiffness over a wide range of
temperatures.

C2. TEST SETUP

C2.1. A compression testing machine shall be used that is
capable of exerting a compressive load of 500 kN to a pair of
bearing specimens as shown in Figure C1.

C2.2. Four displacement transducers or other devices
with an accuracy of 0.005 mm shall be used to record the
displacements. Load shall be monitored with a load cell or
other equivalent devices with an accuracy of 1 percent of
the test load.

C2.3. The specimens and loading plates shall be condi-
tioned and tested in an enclosed unit capable of controlling
temperatures down to −30°C. Depending on the temperature
ranges and the conditioning time involved, mechanical refrig-
eration or a dry-ice chest, or both will be advantageous.

C3. TEST SPECIMEN

C3.1. The test specimen in Figure C1 shall consist of two
identical blocks of elastomer sandwiched between rigid plates.
The elastomer blocks shall be of uniform thickness, preferably
equal to the original thickness of the full-size bearing and of
square or rectangular cross-section, the length and width each
being not less than four times the thickness.

C3.2. The steel rigid plates shall be of square or rectangu-
lar section, a larger width and length than the elastomer block.
Suitable plate dimensions for use with 40-mm thick elasto-
meric pads are a thickness of 25 mm and a plan dimension at
least 25 mm larger than each block dimension.

C4. TEST PROCEDURE

C4.1. Measure the length, width and thickness of the blocks
and determine the average cross-sectional area, plan area, (A),
and the average total elastomer thickness, (T), of the specimen.

C4.2. Attach four displacement transducers to the bottom
plate such that the relative displacement between the top and
bottom plate can be measured at four points as shown in Fig-
ure C2. The center points of each side of the bottom plate are
appropriate locations for the transducers.

Elastomer

Rigid Top Plate

Rigid Bottom Plate

Fitting for Transducer

Displacement Transducer

Figure C1. Test setup.

Fitting

Transducer
Bottom Plate

Bearing Specimen

Figure C2. Location of transducers.



C4.3. Place the specimens inside the environmental cham-
ber (or freezer), and bring the freezer to the desired test
temperature. Condition the specimens at the specified test
temperature for the specified period of time.

C4.4. Attach the specimens to the compression machine.
Carry out three successive loading and release cycles to a
deformation equal to 10% of the total elastomer thickness of
the two blocks, 2T at a rate such that the time per cycle is
within the range of 30 to 120 seconds.

C4.5. Measure both the load and the displacement at 0.02T
increments only for the third cycle.

C5. DETERMINATION OF STIFFNESS

C5.1. The compressive modulus ES shall be determined
from the load-displacement curve on the third cycle as shown
in Figure C3.

C5.2. Draw a best-fit straight line using the least-squares
method through the data points between displacements 0.02T
and 0.2T. The line must pass through the 0.02T data point.
Determine the slope, K1, of the best-fit straight line.

B-2

C5.3. Determine ES from Equation C1.

E K
T

A
S = 1

2
1( )C

Displacement
L

o
ad

0.02T 0.2T

Third cycle

Fitted line

K1

Figure C3. Load-displacement curve.
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APPENDIX C

AASHTO M251-ANNEX B

A TEST METHOD FOR CREEP AND SHEAR BOND IN ELASTOMERIC BEARINGS

B1. SCOPE

B1.1 This document describes a procedure to estimate
creep of elastomeric bridge bearings.

B1.2 The values stated in SI units are to be regarded as the
standard.

B1.3 This document does not purport to address the details
of the test setup or safety concerns, if any, associated with its
use. It is the responsibility of the user to establish appropriate
safety and health practices and determine the applicability of
regulatory limitations prior to using the tests summarized in
this document.

B2. REFERENCED DOCUMENTS

ASTM D 3183 Practice for Rubber–Preparation of Pieces
for Test Purposes from Products.

B3. TEST SPECIMEN

B3.1 The standard test specimen shall consist of two 
51 × 51 mm square pieces of rubber bonded to steel plates as
shown in Figure B1.

B3.2 The rubber pieces can be cut from one of the subject
bearings per ASTM D 3183 or molded from unvulcanized
rubber used in the subject bearings.

146

5 1
191
216

1 3

R U B B E R  S P E C I M E N

5 18 9

1 3

1 3

4 4

S T E E L  P L A T E

1 9

5 1

S T E E L  B L O C K

1 3P U L L P U L L

M O U N T I N G
L U G M O U N T I N G

L U G

Figure B1. Test setup (mm).



B3.3 The rubber to metal bond can be cold or hot using an
appropriate adhesive system and surface preparations ade-
quate to keep the bond fully intact for 8 hours while the test
specimen is subjected to a sustained shear strain of 50% at
room temperature.

B3.4 The total height of the rubber piece shall be greater
than 12 mm and less than 45 mm. If the rubber piece consists
of alternate layers of rubber and metal reinforcements cut
from actual bearing as shown in Figure B1, the total height
of each rubber piece shall be limited to 51 mm.

B4. TEST PROCEDURE

B4.1 Mount the test specimen in a displacement con-
trolled loading system (MTS or equivalent) with appropriate
load cell connected to a data acquisition system (automatic
or manual).

B4.2 Load the specimen to 50% shear strain 10 times at
1% strain per second. Shear strain is defined as the ratio of
shearing displacement to the total thickness of rubber in the
test piece. If the rubber thickness in one piece is Rthk then for
50% strain, the specimen needs to be displaced 0.5Rthk.

B4.3 Load the specimen to 50% shear strain in 1 second
and keep the strain constant for a minimum of six hours.

B4.4 Record the load after 30 minutes of initial loading
with further measurements after every 5 minutes for 360 min-
utes minimum.

B4.5 For each time measurement use Equation B1 to con-
vert the load to shear modulus

where Load(t) is the load at time t (minutes) and G(t) is the
shear modulus (MPa) at time t. Note that (51 × 51) is the area
of test piece and 0.5 is the shear strain. Since there are two
test pieces in the test specimen, the load is divided by 2.

G t
Load t( ) =

( )
× × ×51 51 2 0 5

1
.

( )B
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B4.6 A power law of the form shown in Equation B2 can
be conservatively used to predict G(t) at times greater than
thirty minutes.

where a and b are constants that are calculated by regression
analysis of the data obtained in Section B4.5 as described in
Section B4.7.

B4.7 Plot log(G(t)) versus log(t) and fit a straight line
using the least-squares method. The constant b is the slope of
this line and log(a) is the intercept of the straight line on the
log(G(t)) axis.

B5. CREEP ESTIMATE FOR FULL 
SIZE BEARING

B5.1 Let T be the time at which creep deflection need to
be estimated (e.g., 25 years). Calculate G(t) at t = 60 minutes
and at t = T using Equation B2.

B5.2 Calculate percent creep using Equation B3.

B6. SHEAR BOND

B6.1 After completion of the six-hour stress relaxation
test, load the specimen to 150% shear strain at 1% strain
per second. Hold the specimen at 150% strain for 5 minutes
and observe any failure in the rubber or debonding at the
interface of the rubber layers and laminates. Report the type
of failure. Failures in the cold bond (when used) are not impor-
tant unless they affect the ability to reach 150% strain in which
case a new specimen must be fabricated.

Creep
G

G
% ( )( ) =

( )
( )

−



 ×60

1 100 3
T

B

G t atb( ) = ( )B2



D-1

APPENDIX D

RECOMMENDED CHANGES TO AASHTO LRFD CONSTRUCTION
SPECIFICATION FOR ELASTOMERIC BEARINGS
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Bearings except 

Tolerances for plain and laminated 
bearings are given AASHTO M 251 

D-3



D-4



For bearings without bonded sole plates the
elastomer material shall contain no wax
fillers that are designed to bloom to the
surface. 

Problems with bearings slipping excessively and even
walking out (Chen and Yura 1995, McDonald 1999) has
been traced to excessive wax fillers in the rubbers used by
some manufacturers mainly to satisfy ozone test
requirements.  The ozone test is no longer required so wax
fillers designed to bloom are unnecessary. 

as specified by the minimum grade
requirements in Table 14.7.5.2-2 of the
AASHTO LRFD Bridge Design Specification. 
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D-8



D-9
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in AASHTO M 251 
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The concrete surface at the abutment 
should have a roughened surface typical of 
a wood-trowel finish for bearings without 
sole plates 

Very smooth slick surfaces should be
avoided when friction is expected to keep
the bearing in position. Roughened
concrete and sandblasted steel provide
good contact surfaces for bearings without
bonded sole plates (mounting plates).  
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APPENDIX E

AASHTO M251 REVISED—STANDARD SPECIFICATION FOR PLAIN AND
LAMINATED ELASTOMERIC BRIDGE BEARINGS

Note: A ? (question mark) means that further work is needed to change the provision noted.
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-00(DRAFT)

DRAFT REVISION



Must be established 

0.01 MPa for shear modulus 

Shear modulus

0.55    0.80     1.10    0.55     0.80     1.10    MPa 

See Sect 8.9.2 

DRAFT REVISION 



 

 

and a recommended edge cover of 6 mm. 

The following equation may be used to define shim-tolerance limits when tolerance 3.(±3mm) is 
exceeded:   

02.0provided35.0
h

v
5.7

r

≤≤+ θθ  

where θ (radians) and v (mm) are absolute values of shim rotation and vertical displacement.  If 

the specified layer elastomeric layer thickness is hr, the bearing length is L, and H1 and H2 are the 
measured maximum and minimum thicknesses at the edges of the layer, then v = |hr –
0.5(H1+H2)  and θ = |(H1−H2)/2L| for interior layers and θ = |(H1−H2)/ L| for top and bottom 
layers.provided that the minimum elastomer layer thickness H2  ≥ 5 mm. Bearings with 
tolerances that satisfy this equation must also satisfy the compression test in Sect. 8.8.2 or the 
inclined compression test in Annex A.  

DRAFT REVISION 
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Annex B 

modified as follows: the initial cycles shall be taken to a strain of 0.7 and on 
the last cycle the shear modulus shall be determined at 0.5 strain. 

Annex A ,Annex B or Annex A1/ASTM D 4014 
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Insert Appendices A, C,and D as Annex A, , Annex C and Annex B 



Abbreviations used without definitions in TRB publications:

AASHO American Association of State Highway Officials
AASHTO American Association of State Highway and Transportation Officials
ASCE American Society of Civil Engineers
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
FAA Federal Aviation Administration
FHWA Federal Highway Administration
FRA Federal Railroad Administration
FTA Federal Transit Administration
IEEE Institute of Electrical and Electronics Engineers
ITE Institute of Transportation Engineers
NCHRP National Cooperative Highway Research Program
NCTRP National Cooperative Transit Research and Development Program
NHTSA National Highway Traffic Safety Administration
SAE Society of Automotive Engineers
TCRP Transit Cooperative Research Program
TRB Transportation Research Board
U.S.DOT United States Department of Transportation

Advisers to the Nation on Science, Engineering, and Medicine

National Academy of Sciences
National Academy of Engineering
Institute of Medicine
National Research Council

The Transportation Research Board is a unit of the National Research Council, which serves 
the National Academy of Sciences and the National Academy of Engineering. The Board’s 
mission is to promote innovation and progress in transportation by stimulating and conducting 
research, facilitating the dissemination of information, and encouraging the implementation of 
research results. The Board’s varied activities annually draw on approximately 4,000 engineers, 
scientists, and other transportation researchers and practitioners from the public and private 
sectors and academia, all of whom contribute their expertise in the public interest. The program 
is supported by state transportation departments, federal agencies including the component 
administrations of the U.S. Department of Transportation, and other organizations and 
individuals interested in the development of transportation. 

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distin-
guished scholars engaged in scientific and engineering research, dedicated to the furtherance 
of science and technology and to their use for the general welfare. Upon the authority of the 
charter granted to it by the Congress in 1863, the Academy has a mandate that requires it to 
advise the federal government on scientific and technical matters. Dr. Bruce M. Alberts is 
president of the National Academy of Sciences. 

The National Academy of Engineering was established in 1964, under the charter of the 
National Academy of Sciences, as a parallel organization of outstanding engineers. It is 
autonomous in its administration and in the selection of its members, sharing with the National 
Academy of Sciences the responsibility for advising the federal government. The National 
Academy of Engineering also sponsors engineering programs aimed at meeting national needs, 
encourages education and research, and recognizes the superior achievements of engineers. 
Dr. William A. Wulf is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to 
secure the services of eminent members of appropriate professions in the examination of policy 
matters pertaining to the health of the public. The Institute acts under the responsibility given to 
the National Academy of Sciences by its congressional charter to be an adviser to the federal 
government and, upon its own initiative, to identify issues of medical care, research, and 
education. Dr. Kenneth I. Shine is president of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916 
to associate the broad community of science and technology with the Academy’s purpose of 
furthering knowledge and advising the federal government. Functioning in accordance with 
general policies determined by the Academy, the Council has become the principal operating 
agency of both the National Academy of Sciences and the National Academy of Engineering in 
providing services to the government, the public, and the scientific and engineering 
communities. The Council is administered jointly by both the Academies and the Institute of 
Medicine. Dr. Bruce M. Alberts and Dr. William A. Wulf are chairman and vice chairman, 
respectively, of the National Research Council.  
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