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Abstract: Steel laminated elastomeric bearings are widely used in concrete bridges 

due to their low cost and long history of good structural performance.  However, 

elastomeric bearings have not been used extensively in steel bridge systems. Compared to 

concrete bridges, steel bridge systems generally have longer spans and may have 

significant support skew and horizontally curved geometry that results in significant 

demands on the bearings at the supports to accommodate rotations and complex bridge 

movements from both thermal loads and daily truck traffic. For such bridges, more costly 

pot bearings are normally used. The research described in this dissertation was part of a 

larger study investigating the possibility of using elastomeric bearings in such higher 

demand applications. More specifically, the research in this dissertation investigated issues 

related to material properties of the elastomer in larger bearings designed for higher 

demand applications. 

This dissertation first introduces a new testing methodology, referred to as the Dual 

Shear Test (DST), which is able to measure the elastomer material response in shear for 

samples cut directly from of bearings with different dimensions. The proposed geometry 

of the DST specimen significantly reduces the cost and effort compared to the more 
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conventional Quad Shear Test, and also allows the measurement of shear response at very 

large shear strain levels.   Based on a systematic experimental study, the accuracy and 

reliability of this new testing methodology was demonstrated. 

Different hyper-elastic material models were investigated in this dissertation that 

can be used in finite element studies of elastomeric bearings.  These models were calibrated 

based on the new shear test methodology. With these material models, DST results can be 

interpreted and entered into finite element models.  

Using the Dual Shear Test, four bearings of different dimensions were tested. The 

variability of the shear modulus at different locations within the bearings was investigated. 

These tests were conducted to address concerns that larger bearings may have greater 

variability in elastomer material properties throughout the bearing. These tests showed 

there is somewhat greater variability in shear modulus in larger bearings and thicker 

bearings, although this variability was not significantly larger compared to smaller 

bearings.  

Finally, this research also investigated how the shear modulus of the elastomer 

changes as the temperature decreases. Results of tests showed that the shear modulus 

increases significantly as temperature decreases. This effect can be significant when 

analyzing the behavior of bridge bearings under temperature variations.  
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1. Introduction 

1.1.  Introduction and Overview 

This dissertation documents results from a study on the behavior of elastomeric 

bearings in bridge applications.  The focus of the study was to investigate extending the 

use of the bearings to higher demand environments compared to traditional applications.  

The higher demand applications include larger bearings, larger girder reactions, and larger 

deformations (axial, translational, and rotational).  The overall research study consisted of 

field monitoring, experimental tests (both materials and full scale), and parametric finite 

element modelling.  The primary focus of this dissertation is on the materials tests for the 

elastomer.  The chapter is divided into 4 primary sections.  Following this introductory 

section, the basic geometry of the elastomeric bearings is discussed.  An overview of the 

research project is then provided.  The chapter concludes with a summary of the content 

and layout of this dissertation.   

1.2.  Steel Reinforced Elastomeric Bearings 

Bridge bearings are important structural elements in both steel and concrete bridge 

systems.  The bearings provide the link between the bridge superstructure and substructure.  

The superstructure of a girder bridge system typically consists of the girders and concrete 

deck.  The substructure of the bridge consists of the abutments or piers and other 

components of the bridge foundation.  The bearings are installed between the bridge girders 

and the piers and are important structural elements that accommodate bridge movements 

from both environmental and traffic loads as well as providing a primary force transfer 

mechanism between the superstructure and substructure. The main functions of the 

bearings are as follows: to support the dead loads and live loads from the bridge girders 
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and moving vehicles; to accommodate the horizontal thermal movement of the bridge 

resulting from temperature variations. The performance of the bearings is significantly 

affected by the stiffness, including the axial compressive stiffness, shear stiffness, and 

rotational stiffness.  These three categories of stiffness correspond to the three primary 

loading conditions to which the bearing is subjected.   

While elastomeric bearings have been widely used in concrete girder systems, the 

bearings have not been used extensively in steel bridge systems.  Compared to concrete 

bridges, steel bridge systems generally have longer spans and are also may have significant 

support skew and horizontally curved geometry that results in significant demands on the 

bearings at the supports to accommodate rotations and complex bridge movements from 

both thermal loads and daily truck traffic. Traditionally, pot bearings have often been used 

steel bridge applications. However, previous research from Chen Quan (2008) has shown 

that these relatively expensive bearings do not perform well with regard to accommodating 

bridge translations. Pot bearings generally rely on slipping between the bearing and the 

girders to accommodate thermal movements; however significant friction can develop even 

though low friction sliding surfaces are used (ie. Teflon).  Elastomeric bearings rely on 

shearing of the elastomer to accommodate the translational deformations.   

The first elastomeric bearing was proposed by Du Pont (1959) and the bearings 

have proven to be a reliable and economical application used in a variety of bridges. While 

the bearings have primarily been on concrete girder systems, the properties of the bearings 

should work well in steel girder systems as well.  Applications to steel bridge systems in 

the past have primarily been used on relatively short spans with smaller reactions.  As is 

shown later in this section, the bearings have been used in isolated cases on higher demand 

applications with limited success.  
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Figure 1.1(Laminated) Steel reinforced elastomeric bearing  

Elastomeric bearings can be plain or reinforced and can be manufactured from 

natural rubber or neoprene elastomer (shown in Figure 1.1). The advantage of the 

reinforced bearings lies in reducing the bulging effects when under large compression 

(shown in Figure 1.2). The steel shims are embedded with specific intervals in the rubber 

during manufacturing to confine the horizontal expansion. The amount of the vertical 

deformation is hence controlled and dramatically reduced. Local stress concentrations due 

to the budging are limited as well. 

An indication of the level of deformation and stiffness of the bearings can be 

obtained by the shape factor. The ratio of the loaded area of the bearing to the surface area 

that is free to bulge can significantly influence the bearings’ performance under 

compression. Therefore, the stiffness according to different load requirements can be well 

controlled by designers by changing the number of the steel laminas.  

 

    

Figure 1.2 Plain elastomeric bearing (left) and steel reinforced elastomeric bearing (right) 

Although the steel reinforcement allows for higher allowable compressive stress, 

higher translation, and rotation capacity than plain elastomeric bearings, failure can still 
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happen when the bearings cannot meet the higher demand of the large-span steel bridge 

structures. According to previous research report NCHRP 248 (Stanton, et al. 1982) and 

experimental studies (Stanton, J. F., Roeder, 2008), common failure modes for the 

laminated elastomeric bearings can be the failure of the reinforcement in tension, de-

bonding at the rubber and steel interface, and distorted bulging of the elastomer. Studies 

(Stanton, J. F., Roeder, 1999) from the National Cooperative Highway Research Program 

(NCHRP596, 2008; NCHRP432, 1999) demonstrated a larger capacity of laminated 

bearings subjected to compression compared to limitations in the AASHTO design 

Specification (2006). Nevertheless, the bearings’ distressing issues have been inspected 

during field examinations of the large-span tub girders in Texas, which motivates the 

research on the laminated bearings’ capacity for higher demand. 

1.3. Overview of the research project 

1.3.1. Project Objective 

Although TxDOT has used elastomeric pads in steel bridge applications with 

limited success, no systematic research on the large bearings have been carried out to 

demonstrate their long-term performance in higher demand applications.  Most previous 

investigations have focused on the behavior of smaller bearings that are routinely used in 

concrete girder applications, which have smaller spans and girder reactions.  Because 

TxDOT has a desire to extend the use of the bearings to higher demand applications, a 

research study on the behavior and limitations of the larger bearings was funded.  Some of 

the concerns of the larger bearings are related to ability of manufacturers to consistently 

produce bearings for high demand applications. As noted earlier, isolated cases of 

elastomeric bearings in higher demand applications have been used with limited success.  

The primary higher demand cases to date have involved some steel tub girders that have 

larger vertical reactions and more significant translational and rotational demands on 

elastomeric bearings compared to traditional concrete girder systems.  Figure 1.3 shows, 
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some of the laminated bearings in these applications after only approximately 10 years in 

service. The bearings in these pictures show significant signs of distress.  Subsequent 

measurements on these bridges have shown that the distress may have been caused by poor 

tolerances on the cross slope of the concrete seats on the abutments.  Other bearings on the 

same bridge showed no signs of distress.     

      

Figure 1.3  Distressed bearings inspected under the tub girder 

However, in order to prevent similar incidents from happening in the future, 

additional laboratory data and better design provisions are warranted, which is the primary 

goal of the study of which this dissertation is a part of.  The research project sponsored by 

TxDOT thus aims to extend the use of the laminated elastomeric bearings for higher 

demand application. This project will potentially reduce the cost of bearings used in high 

vertical load demand applications, promote consistency of bearing design procedures used 

in various districts, and improve serviceability and understanding of bearing performance 

used in higher demand bridge applications. 

1.3.2. Research methods 

The methods applied in the overall research project include material tests on the 

elastomer, laboratory tests on full scale bearings, field monitoring, and parametric finite 

element studies. While different research methods were used on the overall study, the 

methods are interrelated with regards to understanding the fundamental behavior of the 

bearings.  Results from the field monitoring, full scale testing, and finite element studies 

are presented by Belivanis (2016) and Han (2016).   
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1.3.2.1.Material Study 

The basic material studies play an important role in both the full scale testing and 

the parametric finite element models.  The primary purpose of the material studies was to 

gain a measure of the variation of the properties in the bearings across the width, length 

and thickness of the bearing.  The results from the material tests with regard to the hyper-

elastic material properties play an important role in understanding the overall behavior of 

the bearings in both the full scale tests and the computer simulation. Tests by the 

manufacture on the material properties are utilized as quality control for the bearing 

products.  Many of the tests carried out by the bearing manufacturer consist of simple 

tension tests on the elastomer.  However, the primary material property that is considered 

by the designer is the shear modulus of the elastomer that is included in the design 

formulas.  To obtain a measure of the variation of the shear modulus throughout the bearing 

required representative bearings that could be sectioned and tested to identify the properties 

of the neoprene throughout the bearings.  

Obtaining measurements of the material properties directly from the bearing pads 

is an important aspect of understanding the behavior of the complete bearings in the 

laboratory tests as well as in developing the material models used in the finite element 

analysis.  

However, as is discussed later in this dissertation, a concise testing method was 

necessary that could be used to obtain a good measure of the variations in the material 

properties across the bearing.  The testing method should be based on the American Society 

of Testing and Materials (ASTM D4014, 2012) standards to ensure proper measurements 

are obtained. However, the methodology of fabricating proper test specimens taken directly 

from bearings was not clear.  Many past studies focused on conducting a “quad-shear” test 

that necessitated cutting specimens from the bearing and using an adhesive to create the 

test specimens.  As part of this research, a “dual-shear” specimen was developed that 

allowed the specimens to be taken directly from the bearing without the use of an adhesive.  

These “dual-shear” specimens gave much better control of the measurement of property 
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variations across the width and thickness of the bearing.  In addition to the material 

variations, the impact of temperature on the properties was deemed an important variable.  

The range of temperatures on a typical bridge can vary from sub-zero (Fahrenheit) 

temperatures to well over 100 degrees.  The impact of the temperature on the behavior of 

the bearings is very important with regard to understanding deformations and forces that 

develop throughout the life of the bridge bearings.   

1.3.2.2.Full Scale Tests Study 

While the material tests provide an indication of the variations of properties across 

the bearing, a good understanding of the behavior of the bearing under a variety of force 

and deformation demands is important for developing a comprehensive design 

methodology for the bearings.  The behavior of the bearings under axial compression, axial 

compression and shear, and axial compression with shear and rotation is necessary.  A test 

setup was constructed to allow the application of large axial force, combined with shear 

and rotation.  

The compression tests were conducted to determine the behavior of the bearings at 

a wide range of load/stress levels both within and beyond the design values. These tests 

demonstrated the distress and failure modes that are possible including slipping of the 

bearing, excessive bulging, localized failures in the bond between the elastomer and shims, 

and also buckling of the bearing.    The results from the full scale tests are presented by 

Belivanis (2016).   

1.3.2.3.Field inspection and Monitoring 

The field monitoring was conducted on the direct connectors between northbound 

IH35 and eastbound SH290 in Austin.  The bridge is comprised of two steel tub girders 

that were supported on elastomeric bearings. The four-span continuous unit that was 

instrumented was a horizontally curved bridge with a point of tangency located in the first 

span.  The instrumentation that was installed consisted of string potentiometers, linear pots, 
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and inclinometers to monitor the translations and rotations of the bridge. A schematic of 

the bridge cross-section with a typical layout of the specific sensors is depicted in Figure 

1.4. The instrumentation was left on the bridge for more than one year so that the 

movements on both daily and annual thermal cycles could be captured.   

The sensors were monitored by a data acquisition system powered by a 12 V auto-

marine battery that was recharged using a solar panel.  The data from the sensors provided 

a simple and effective means of measuring and recording the magnitude and direction of 

the bearing movements. The maximum and minimum temperatures during the monitoring 

were documented to establish the performance of the bearings. In addition to the sensors, 

a wax trace box was installed (reference TxDOT 5040 project) to capture the basic direction 

and maximum/minimum movements of the bearing mechanically.  The final wax trace 

provided an indication of the direction of movement, which is valuable for understanding 

how the curved girder system moved as a result of thermal effect.  

            

 

Figure 1.4 Installment of the sensors on the tub girder 

1.3.2.4.Parametric Finite Element Analysis Study 

The finite element analysis study is focused on modelling of the bridge super-

structure as well as the elastomeric bearings. The FEA study on the bridge is primarily 

focused on the verification of the field monitoring data. The modelling of the laminated 

elastomeric bearing was carried out to investigate the bearings’ behavior under high 

loading demands. Due to the non-linear material behavior of the elastomer, proper 

Inclinometer 

sensor 
Linear pods 

String potentiometer 



9 

 

modelling of the bearing pads and reinforcing plates must be carefully planned and verified 

with material data. The material models interpreted within the material study documented 

in this dissertation have been modified as needed based upon results from the large-scale 

testing to finalize the input information in the FEA study. The study includes a matrix of 

parameters assembled so that studies on the effects of variations in the important design 

parameters could be fully considered and are reflected in the design methodology. 

1.4.  Outline of the Dissertation 

This dissertation primarily focuses on the experimental study on the elastomer 

material from the steel reinforced elastomeric bearings. The objective of the dissertation is 

to evaluate the material property variation inside the laminated bearings due to the 

manufacturing and low temperature effect.  As part of this investigation a new shear testing 

methodology was developed and standardized.  With the testing results, the hyper-elastic 

models were investigated for the interpretation of the material data input in the 

computational simulations that are included within Han (2016). This dissertation provides 

significant fundamental knowledge in the elastomer material for the researchers and 

engineers who endeavor to study and extend the capacity of laminated elastomeric 

bearings. 

The dissertation has been divided into seven chapters.  Following this introductory 

chapter, Chapter 2 focuses on the background and literature reviews of the experimental 

study on the elastomer material. The chapter illustrates previous efforts in the acquirement 

of the material properties from elastomeric bearings and emphasizes the importance of the 

simple shear test. The current knowledge gaps existing in different aspects of the material 

study are summarized as the main motivation of this dissertation. 

In Chapter 3, a new shear testing methodology referred to as the Dual Shear Test is 

introduced and evaluated. The fabrication procedure, shear modulus calculation methods 

and testing procedures are optimized and standardized for other material tests in this 
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project. Factors that are assumed to affect the testing accuracy are systematically 

investigated to strengthen the confidence in the application of this test method to obtain 

shear modulus directly from bearing products.  

Chapter 4 primarily focuses on deriving the hyper-elastic material models from the 

strain density functions for the interpretation of the data obtained by the dual shear testing 

method. Different material models are developed, compared, and evaluated based on 

elastomers with different hardness values. The rules for selecting the material models are 

generalized and recommended for the finite element studies. 

In Chapter 5, the variation of the material properties such as the shear modulus and 

the hardness are investigated. The investigation in the shear modulus variation is carried 

out by running dual shear tests throughout the elastomer material inside the bearings of 

four different dimensions. The features of the variability are illustrated and characterized 

by the resulting contours. The data that were obtained directly from the bearings allows 

future computational models to better represent the bearings using properties that are 

representative of the materials used in as-fabricated bearings.   

Chapter 6 focuses on the variation of the elastomer’s shear modulus due to the low 

temperature. This chapter focuses on the low temperature testing methodology and 

discusses the application of the test results in the finite element studies. The shear modulus 

as a function of the temperature is incorporated into selected material models with the 

intention of simulating the bearings’ mechanical behavior under low temperatures. 

The conclusions from the dissertation are summarized in Chapter 7. Also, the 

recommendations to extend the knowledge of the material properties so as to better 

understand the behavior of steel laminated bearings are illustrated. 
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2. Background of the material study on the elastomeric 

bearings 

2.1.  Overview 

The primary focus of this dissertation is on the material studies of larger elastomeric 

bearings compared to traditional applications. The current knowledge base on the hyper-

elastic features of rubber material is generally lacking. Therefore, this specific information 

that is to be gained by the basic material studies plays an important role in the overall 

research study.  This chapter provides an overview of previous investigations on material 

studies for the elastomeric bearings. Gaps in the current knowledge base are generalized at 

the end of the chapter as the motivation of the dissertation. 

2.2.  Standard Material Tests in the bearing industry 

As with many manufactured products, there are a variety of material tests that are 

required to ensure quality control in the bearing manufacturing industry. These standard 

material tests concerned with the different material properties related to ASTM (American 

Society of Testing and Materials) D4014, AASHTO (American Association of State 

Highway and Transportation Officials), and ISO (International Organization for 

Standardization) 6446 are summarized in Table 2.1. 

Unlike other conventional mechanical tests for polymer materials, the hardness test 

is a widely used property to categorize the elastomer material in the bearing industry. 

Hardness tests also serve as an important quality control method for the elastomer bearings 

due to their convenient operation and straightforward results. AASHTO M251 lists detailed 

requirements of the hardness test value under specific temperatures. For example, the 

hardness of steel laminated bearings is often given in the units of International Rubber 

Hardness Degrees (IRHD) and is in the range of 50 IRHD to 70 IRHD. Similarly the 
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international railway specification permits the use of natural rubber in the same hardness 

range. Bearings with hardness lower than 50 IRHD are typically rejected by the 

manufacturer.  

Among all the tests, fundamental mechanical tests such as compression, pure shear, 

and uniaxial tension tests also play important roles not only in determining the material 

properties for the consideration of quality control, but also in providing the input 

information required for the material models in a parametric finite element study. Although 

there are a number of different types of tests that can provide input information of the 

elastomer, the behavior of the material in shear is of paramount interest due to the large 

shear strains a bearing must withstand to accommodate the thermal movements of the 

bridge.  

Table 2.1. Standard Material test from Bearing Manufacturers 

Material properties 
Resources 

Shear modulus test ISO 6446, ASTM D4014 

Tensile strength test ASTM D573, ISO 6446 

Durometer hardness ASTM D2240 

Compression test ISO 6446, ASTM D395 

International Hardness ASTM D1415 

Tear resistance ASTM D624 

High temperature resistance ASTM D573 

Ultimate elongation ASTM D573 

Low-temperature brittleness ASTM D746 

Bond strength (Adhesion) ASTM D429 

Instantaneous Thermal Stiffening ASTM D1043 

Ozone resistance ISO 6446, 

Proof Load AASHTO M251 
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Previous research on the behavior of elastomeric bearings are summarized in 

NCHRP (National Cooperative Highway Research Program) Report 449 (Yura, J., Kumar, 

A, 2001) which proposed that most of the tests such as the material tension test are not 

important with regards to evaluating the bearings performance since the bridge bearings 

are mainly subjected to shearing and compression deformations.  Therefore, obtaining a 

curve demonstrating the shear-displacement response of the elastomer provides essential 

information of the hyper-elastic characteristics of the elastomer material as well as 

providing vital input for the finite element model used for parametric studies. As a result, 

a conventional simple shear test is of interest to obtain a measure of the properties of the 

elastomer.  Nevertheless, a simple shear test that satisfies the growing research interest in 

the bearings’ shear capacity is not a mature polymer test. Conventional testing methods to 

obtain the shear properties require substantial preparation of the elastomer and may not 

produce results that are representative of the variability throughout the bearings.  Hence, 

there has been a great deal of effort in improving the simple shear testing methodology, so 

as to obtain the necessary data to satisfy the objectives of this dissertation. The following 

section provides a summary of conventional shear testing methods that have been used on 

elastomers from bearings.   

2.3.  Simple shear test  

2.3.1. Previous Studies on Simple Shear Test (SST) 

In order to obtain the shear modulus, different tests have been proposed and 

investigated.  The basic requirements of the test are to obtain a measure of the properties 

of the elastomer in a displacement mode as shown in Figure 2.1.  While the displacement 

mode of interest that is depicted in Figure 2.1 is relatively straight forward, carrying out a 

simple test to achieve this deformation is not easy.  The simple shear test (SST) method 

has been demonstrated by previous research (G'sell, 1983;  Bouvier, S, 2006; Nunes, 2011) 

as a competitive testing method on account of its reduced demand on the testing instrument 
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and stable performance. The simple shear test was first proposed by Rivlin with the famous 

Mooney-Rivlin model (Mooney, M. 1940). After Rivlin, Christian G’Sell and Suresh 

Shrivastava (1983) systematically investigated the SST considering the effect of specimen 

geometry, test loading rate and temperature. Further theoretical studies from A.N. Gent 

(2007), L.C.S. Nunes (2011) and M. Destrade (2012) proved the reliability of the SST in 

producing accurate stress-strain data that can be incorporated with tensile test data to 

predict plastic behavior of polymer materials. Nunes studied the nonlinear behavior of the 

rubber material under small and large simple shear deformations. Other researchers 

focused on developing new testing methodologies for the simple shear test. These 

experimental studies can be found in Genevois, Liu, (1990) and Miyauchi (2012). 

Accordingly, a variety of the devices to carry out the SST have been proposed. To satisfy 

the higher demand for efficiency in the quality evaluation of the rubber material products, 

a simplified shear testing methodology referred to as the Quadruple Shear Test, was 

adopted and standardized in ASTM for the elastomeric bearing industry. 

While the Quadruple Shear Test has become widely accepted in material studies 

related to elastomeric bearings, one past study (Othman, A. B. 2001) found specimens 

molded especially for the material tests cannot represent the property of the materials 

affected by different molding environments, aging effect, and pre-existing stress inside the 

bearings. There has not been significant work conducted focused on the impact of material 

variations from specimens obtained directly from a finished bearing product; however that 

is generally the desired measurements that are sought from such tests. Conventional 

material tests such as uniaxial tension test, compression test and shear test are commonly 

carried out on specimen fabricated especially for the test. In order to accurately evaluate 

the quality of both newly-produced and aged bearings, the shear test on specimens obtained 

directly from a bearing becomes necessary. Conventional test methods requiring molded 

specimens may not be the proper choice.  To satisfy these concerns, a new shear test method 

that was suited towards effectively testing the elastomer with the existing bond to the shim 

plates was sought after.  This test method is discussed in detail in Chapter 3. The following 
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sub-section focuses on the Quadruple Shear Test Method that is commonly used to measure 

the shear properties of elastomers.   

2.3.2. Quadruple Shear Test (QST) 

As part of this research, initial attempts to test the material directly from full sized 

bearings were based on the Quadruple Shear Test method. The Quadruple Shear Test 

(QST) as outlined by ASTM D4014, has played an integral role in past material studies of 

steel-laminated elastomeric bearings. The specimen is made up of four testing blocks and 

four steel plates, as depicted in Figure 2.1.  

 

Figure 2.1: Typical quad shear test specimen 

Generally, there are two methods (Method A and Method B) to prepare a QST 

specimen directly from the bearings. Method A utilizes material blocks cut from the 

bearings that are bonded to steel plates. This method requires the manual creation of bonds 

between the steel plates and the elastomer blocks.  

Figure 2.2 shows the preparation of QST specimens with Method A. The rubber 

blocks are removed from the bearing and attached to steel shims. Care is required during 

the curing process in order to guarantee a good bond between the steel and the polymer. 

The other cutting technique (shown in Figure 2.2) based on Method A is to cut the steel 

shim with the elastomer material to maintain the original stress state between these two 

materials. This technique preserves the preexisting bonding between the shims and rubber 

but requires extra bonding effect between steel plates, as shown in Figure 2.2. However, 

the adhesive effect between steel plates was always not strong enough. In summary, none 

of the bonding effect created in both techniques at the contact surface was strong enough 
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to complete the shear tests. Though Method A follows the current fabricating rule in the 

bearing industry, researchers (Nunes, L et al. 2013) who focus on the shear test under high 

shear strain have pointed out the difficulty of running this test in the lab. They stated that 

the specimen requires very high bonding strength between the polymers and steel to 

prevent undesired de-bonding failures before the polymer material is stretched to necessary 

strain levels. 

 

 

Technique 1 (Bonding between steel and rubber) 

                     

Technique 2 (Bonding between steel plates) 

Figure 2.2. Two Preparation Techniques of QST specimen based on Method A                                        

In contrast to Method A, the goal of Method B is to fabricate a QST specimen with 

the use of the existing bonds between the steel shim inside the bearing.  The specimen is 

fabricated directly from a section of the finished bearing. Each specimen fabricated with 

this method requires three layers of steel shims and two layers of elastomer. The specimen 

is acquired by a strip cut from the bearing using a vertical saw. The inner part of the rubber 

is cut using a scroll saw and the steel plate at the center of the specimen is cut through. As 
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a result, the four rubber blocks along with the original bonding condition between the 

elastomer and the steel shims are maintained with this manufacturing process in forming a 

typical quadruple specimen. 

 

Figure 2.3. Preparation of QST specimen based on Method B 

As shown in Figure 2.3, the specimen has the advantage of maintaining the pre-

existing stress status between the rubber and the steel. Therefore, material properties of the 

specimen better represent the material condition inside the bearing. Compared to Method 

A, Method B is cheaper as there will be no need for extra glue, steel plates and the curing 

process. However, the fabrication process is still very time consuming. The special 

geometry of the traditional QST makes it impossible to cover all the elastomer material 

from the whole layer inside the bearings. 

It is evident that both fabrication methods of QST are able to test the material 

directly from the bearings. However, both methods are extremely time consuming. In this 

dissertation, a new testing technique outlined in Chapter 3is introduced and compared with 

QST results fabricated with Method B.  
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2.4.  Material property variation inside elastomeric bearings 

One of the most important motivations of the development of the testing 

methodology is to evaluate the material property variation inside elastomeric bearings. 

Previous researcher (Othman, A. B. (2001) found that the rubber specimens molded 

especially for QST might not accurately reflect the true shear behavior of newly 

manufactured bearings and aged bearings. Different from the standard QST in ASTM 

4014, researchers have been endeavoring to develop their own test methods to test the 

specimen directly from the bearing. Previous literature essentially demonstrated the 

necessity to evaluate material properties that vary inside the bearings.  

Othman’s research (2001) aimed at finding the property change of the elastomer 

from newly produced bearings due to different manufacturing effects. Three different kinds 

of steel reinforced elastomeric bearing were cut and tested. A series of tests such as the 

hardness test, relaxation, compression test, and peel strength test. The maximum value of 

the test results often exist in the central part of the rubber layer. Researchers assumed that 

the variation of these properties in the newly manufactured bearings was caused by the 

poor conductivity of the rubber material during the vulcanizing process. Although their test 

results demonstrated vulcanization effects on the bearing, only two-dimensional sections 

inside the bearings were considered. The variation of the material properties in three 

dimensions provides better insight into the behavior of bearings. 

Besides the concern of manufacturing effects, another motivation to evaluate the 

material property change is to study the aging effect on the bearings. Y. Itoh and H.S. Gu 

(2009) conducted uniaxial tests with the specimens fabricated from each rubber layer inside 

aged bearings. Typical dumbbell (also referred to as dogbone) specimens were adopted in 

the experimental study. As is shown in Figure 2.4. The dumbbell specimens were arranged 

on the rubber layers. Each rubber layer is then separated from the steel shims. Their test 

results demonstrated that the material properties vary symmetrically according to the 

centerline. However, their aging model that reflects the property deterioration inside the 
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bearing can hardly be verified or industrialized by others due to the complicated specimen 

fabrication procedure.  

 

Figure 2.4. Typical material property variation test (Itoh, Y. and H. Gu, 2009) 

Other researchers from Japan (Hamaguchi, H, et al. 2009). also conducted 

systematic experimental studies on the material property variation of circular steel 

laminated elastomeric bearings. The objective of their experiment was to develop testing 

methods for the evaluation of aged bearings. Figure 2.5 shows the fabrication and 

acquirement of test specimens directly from the bearing. The specimens include regular 

dumbbell specimens for uniaxial tests and rubber cubes for simple shear tests. In the figure, 

all the specimens were acquired along the centerline of the circular bearing. Their test 

results showed obvious symmetric material property variation according to the centerline. 

However, the experiments were only carried out within the central rubber layers which 

limited the understanding of the variation across different layers. Also, a similar 

investigation is in demand to understand the property variation of the rectangular bearings. 
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(a) Tension coupons obtained directly from bearings 

                       

(b) Shear coupons obtained directly from bearings 

Figure 2.5. Uniaxial test specimen (dumbbell) and simple shear specimen acquired from 

full sized circular bearing pad(unit: mm) (Hamaguchi, H., et al. 2009). 

Another researchers (Itoh, Y. and H. Gu 2009) calculated the potential material 

property variation across rectangular bearings due to the aging effect. The researchers 

primarily focus on the techniques of age effect prediction and testing method to verify the 

variation condition inside the bearing. The test methods, however, strongly depend on the 

uniaxial tension test. The tension test required the dumbbell specimens obtained from each 

rubber layer. As shown in Figure 2.4, the dumbbell specimens are not able to cover the 
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whole rubber layer. Also this testing method is extremely effort consuming and can be 

affected by fabrication errors in the specimens. 

As part of this research investigation, another method was used to understand the 

material property variability across rectangular bearings. The tests that were carried out 

were preliminary tests during this study to understand the manufacturing process required 

for the QST specimens as well as to gain an indication of variations in the properties 

throughout a bearing.  The test method was based on the QST specimens directly fabricated 

from an elastomeric bearing (14”x9”x2.75”). Two specimens were obtained from the edge 

as well as the center of the bearing. The thickness of each rubber layer was 0.25”, the width 

of the rubber blocks was 2”. The specimens were fabricated by Method B described in the 

previous section. The dimension and thickness of the rubber layers made it possible and 

convenient to acquire QST specimens. The specimen was obtained from the top four layers 

of rubber located at the edge and middle of the bearing as shown in Figure 2.6.  Although 

the two specimen were taken from the same rubber layers, Specimen 1 was taken from the 

middle of the bearing, while Specimen 2 was taken from the edge of the bearing.   

 
 

Figure 2.6. Acquirement of the two quad shear specimens 
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Figure 2.7. Comparison of the test results 

As is shown in Figure 2.7, the load - displacement curves of these two specimens 

differ from each other. This indicates that a difference in shear moduli exists within the 

rubber layer.  Because this was a pilot study based upon a few bearings the researchers had 

on hand, the variability tendency cannot be determined due to the limited number of tests. 

In this particular bearing, the inner part of the rubber was stiffer than that of the outer part. 

Following these preliminary tests, more detailed investigations were carried out as part of 

this study to measure variations in the material properties throughout the bearing.  The test 

method that was used for these tests are discussed in detail in Chapter 3.   

Based on studies documented in the literature, previous investigations have 

demonstrated the variation of the material properties across the bearing.  However, testing 

techniques that have been utilized in past studies have shown limitations in the abilities to 

capture a measure of the behavior of the elastomers throughout the bearing.  As a result, 

improvements are possible in the testing techniques to measure properties of the elastomer 

throughout the bearing.  The testing technique that is the cornerstone of this research study 

are covered in detail in Chapter 3.   
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2.5.  Shear Tests under Low temperature 

In addition to the manufacturing and aging effect, variation of the material 

properties inside a bearing can also be affected by temperature changes. A number of 

studies have been published on the shear properties with varying temperature. Long Long, 

J. E. (1974) and Nagdi (1993) declared that when rubber material is exposed to low 

temperature for extended periods of time, molecular realignment will happen as a phase 

change inside the elastomer material. This molecular realignment makes the material 

stiffer. Low temperature stiffening can happen basically under two situations. One is the 

instantaneous thermal stiffening due to the temperature change within a short time. The 

other is due to a continuous low temperature. The latter situation will potentially cause 

crystallization of the elastomer. Crystallization of the elastomer material was historically 

considered harmful to the bearing material, however no failure of bridge bearings has been 

reported due to this effect (E.I. DuPont, 1956). Furthermore, Yura and Kumar’s research 

(NCHRP Report 449, 2001) showed that crystallization cannot affect the elastomer 

material permanently since the elastomer material has been demonstrated to be able to 

recover to its original mechanical status once the temperature is raised. In the research 

documented in this dissertation, the crystallization effect is especially investigated. 

However, a wide range of the low temperatures are selected to study the stiffening effect 

due to “instantaneous” (ie. the temperature changes are made over minutes to a few hours) 

temperature changes.  

Previous studies from Yura and his students (NCHRP Report 449, 2001) 

demonstrated a necessity of the performance-based evaluation method of the rubber 

material under low temperatures. AASHTO M251 proposed a shear test under low 

temperature to ensure that an elastomeric bearing can be satisfactory under a certain low 

temperature exposure during its service life. The shear test requires the entire bearing pad 

to be conditioned at -20℉ for 96 hours before the test. After the conditioning, the bearing 

is sheared to 25% shear strain and held for 15 min. After this period, the shear stress is 

measured. This full-scale low temperature test is completed within 30 minutes after the 
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specimen is removed from the cold environment. Evidently, this conduction time 

requirement is based on the assumption that the temperature inside the bearing will not 

change in 30 minutes, which tends to induce inaccuracy of the test results of the bearings 

with different dimensions. Furthermore, the curing and monitoring of the full-sized bearing 

for the shear test are extremely effort consuming.  

Previous studies also focused on the determination of the thermal equilibrium 

necessary for the experiment with respect to the temperature effect. Limited study of the 

temperature response of the specimen during the low temperature test were found in the 

literature. Roeder and Stanton (Roeder, C. W. 1989) proposed that for bearings with 

thickness less than 2”. the curing time for thermal equilibrium would be 1 hr. Similar details 

of the theoretical studies can be found in Yakut’s publications (2000). Yura and his 

research group (2000) studied the temperature distribution inside the bearing using 

thermocouples for various temperature ranges. However, there is still generally not 

adequate study on the temperature response at the specimen level for a material test. Yura’s 

test results also showed the low temperature effect on the shear modulus of the full sized 

bearings. However, these full-scale low temperature tests are difficult to conduct on large 

bearings due to the extremely long curing time.  In this dissertation, a new shear test 

methodology is introduced and conducted at the material level to characterize the full sized 

bearings’ shear behavior under low temperature. Also, a systematic study was conducted 

on the determination of the thermal equilibrium of the specimen.  

2.6.  Knowledge Gaps in Current Material Study  

Additional study of the hardness variation inside full-sized bearing is required to 

specify the material property variation feature. ISO 6446 and Othman’s research both 

declared that the hardness value of the center and the surface of a bearing can be different. 

Hardness tests from rubber specimens across layers of a real bearing should be conducted. 

These test results would be able to indicate a trend of other elastic modulus variation inside 
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a bearing. In this dissertation, results from durometer (International Standard, Vulcanized 

Rubbers, 1994) hardness tests are reported throughout bearings with different dimensions. 

Also, the operator-dependent effects of the test results based on the hand-hold durometer 

reading are investigated.  

Besides the extensive application of the hardness tests, the improvement of the 

shear testing methodology is desired to accelerate the efficiency in acquiring the material 

properties directly from bearings. To obtain the shear modulus, bearing manufactures have 

been required to utilize the quadruple shear test (QST) method. However, this test method, 

based on specimens molded specially for the test, is considered unable to accurately 

represent the material properties of full sized bearings due to the different molding 

environment and vulcanization process between the specimens and the bearing products. 

On the other hand, while the QST procedure provides a measure of the average 

shear modulus from the four rubber samples, there are a number of questions that may arise 

about the properties measured from the method. Some of the issues with the quadruple 

shear test (QST) that may be raised include the impact of the specimen fabrication method 

on the measured properties as well as whether the measured shear modulus provides a 

reasonably accurate measure of the variability in the properties throughout the bearing.  As 

a result, new testing methodology needs to be developed to be able to evaluate the bearing 

materials efficiently and accurately. 

With a new testing methodology being adopted, material models would need to be 

adjusted to represent the properties in future numerical simulation. Material models based 

on the derivation of the strain density function have been utilized for the interpretation of 

the data from tension test and compression test. However, these two testing methods are 

not possible to be operated with the specimens obtained directly across full size bearing. 

Therefore, the investigation and evaluation of the mathematical models are necessary when 

interpreting the data from new testing method. 

Another significant limitation in current knowledge about the elastomeric bearing 

is the material variation inside the bearings with different dimensions. Though previous 
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studies from Othman (2001), Nunes (2013), Itoh, and Hamaguchi (2009) revealed material 

property variation due to the aging and manufacturing effect, their experiments based on 

the ‘dumbbell’ specimens obtained across specific bearings are too effort consuming to be 

operated in the industry. Also, improper fabrication process of the specimens from the 

bearing tends to disturb pre-existing stress status that could cause property variability. 

Thus, the systematic study of the material properties inside bearings of different 

dimensions is still desired. The variation study in this research will provide insightful 

understanding of the bearing material property for bearing engineers, manufacturers, and 

researchers to evaluate, design, and extend the use of the elastomeric bearings under higher 

demand based on their real capacities.  

As for the low temperature test of the elastomeric bearings, more knowledge of the 

thermal response of the rubber material as well as the efficient testing methodology is 

desired. Previous research that primarily focused on testing the whole bearing under low 

temperature cannot be widely adopted in the industry for the low temperature evaluation 

due to the large cost and effort. Thus, this dissertation summarizes the results from 

investigations on the economic testing techniques at the material level instead of the full 

scale level. Also, the thermal response inside the material during the test is necessary to 

ensure the tests can give a good indication of the bearings’ performance under same 

temperature condition. Therefore, the determination of the thermal analysis needs to be 

standardized just like the standard material test for the convenience and accuracy of the 

bearing products evaluation in the industry.   
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3. Introduction and evaluation of Dual Shear Test (DST) 

Methodology 

3.1.  Overview 

Quality evaluation, design, and analysis of bearing products strongly depends on 

the knowledge of the material properties. Currently, the material tests conducted by the 

bearing manufacturers are the only source of these important material properties. However, 

previous studies from Othman (2001), Nunes (2013), Itoh, and Hamaguchi (2009) have 

demonstrated the material property variation inside bridge bearings due to the 

manufacturing molding, pre-existing stress, and aging effects. Therefore, a reliable testing 

methodology that is able to help obtain the variation in material properties across the 

bearing products is demanded.  In Chapter 2, an overview of the Quadrilateral Shear Test 

(QST) methodology was discussed.  While this method is widely used, some of the 

problems and limitations with the method are discussed in Chapter 2.   

Given that the variability of the material properties across a bearing is of great 

interest for engineers and researchers, this chapter focuses on the introduction of a new 

shear modulus testing method. With this method, a better measure of material variation 

throughout bearings can be obtained more efficiently compared with the other traditional 

testing methods such as tension test, compression test, and quadruple shear test.  

The following subsection provides the detailed testing procedure of the new testing 

methodology which is referred to as the Dual shear test. Evaluations of the accuracy of the 

DST method relative to conventional methods such as the QST are made from experiments 

conducted on elastomers removed from full size bearing products. The purpose of the 

discussion of these tests is not to determine specific material properties of the bearings but 

is instead to familiarize the readers with the fabrication methods for DST specimens as 

well as the benefits of this new testing method. A number of tests were also carried out to 
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investigate factors that may to affect the accuracy of DST.  A discussion of these tests are 

provided in this chapter.   

3.2.  Introduction of Dual Shear Test (DST) 

The primary test method that is used to measure the shear properties of elastomers 

is the quadruple shear test (QST) that is discussed in Chapter 2.  A schematic of a test 

specimen used in the QST method is depicted as the specimen on top within Figure 3.1. 

Although the quad-shear test provides a means to measure the shear stiffness and strength 

of the elastomer from a bearing, as noted in Chapter 2 there are potential drawbacks to the 

method.  

In addition to the complexity associated with specimen fabrication, the method 

results in average properties from four samples from a bearing. As noted previously, the 

researchers are considering gaining a measure of variations in the elastomer properties 

throughout the bearing. However, the four rubber blocks come from different random 

regions throughout the bearing and therefore potential differences in the material properties 

may be lost.  As a result, an alternative specimen that is referred to as the dual shear test 

(DST) specimen has been considered in the material study documented in this dissertation.  

This method is introduced as an alternative testing method to regular QST. The primary 

difference between these two tests methods lies in the configuration of the specimen. 

As shown in Figure 3.1, the DST specimen has half of the elastomer components 

of the quad shear test specimen. Since only two elastomer blocks are tested each time, the 

number of possible tests per bearing also increases. A larger number of tests can be helpful 

for establishing more accurate and reliable results.  In addition, as is shown subsequently, 

the DST specimen allows for better measurements of variations in the properties around 

the bearing. 
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In order to evaluate the new testing procedures, comparisons with properties 

determined from the quad shear test were made.  As a result, the researchers carried out 

quad shear tests to establish a baseline for comparison with alternative methods. 

 

Figure 3.1. Comparison of QST specimen (a) and DST specimen (b) 

Different molding environments and manufacturing of a finished bearing can result 

in different vulcanization quality and pre-existing internal stress due to the elastomer’s 

poor conductivity, which may lead to variations in material properties. The dual shear test 

(DST) method based on the specimens directly cut from finished bearing products provide 

a good indicator of the variations in these properties around the bearing. Experimental 

studies comparing QST with DST demonstrated a higher efficiency of the DST method. 

The reliability of the DST method on specimens regarding their stiffness, geometry, and 

hardness were evaluated.  

3.2.1.  Specimen Preparation Technique 

The efficient nature of the DST method allows for a significant reduction in the 

effort and cost in the preparation process of the specimen. The progress of DST specimen’s 

preparation is shown in Figure 3.2.  

First, a strip of rubber material with two pieces of steel shim are acquired along an 

elastomeric bearing. The strip of the rubber material and two shims can be obtained from 

the bearing using a vertical bandsaw or other piece of equipment.  The two steel shims on 

either side of the rubber layer serve as the pull plates in the test, thereby utilizing the bond 
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between the elastomer and the shims.  Thus, the bonding effect as well as potential pre-

existing stress between the steel shim and the rubber material is not disturbed for each strip.  

 

Figure 3.2. Progressive preparation of DST specimen 

After the rubber strip and two shims are removed from the bearing one of the shims 

is cut on both sides at the end and the elastomer is removed to create a “pull plate” that can 

be gripped by a tension testing machine (see top of Figure 3.2).  Several specimens are then 

successively obtained from the strip of bearing by testing, striping the elastomer, and 

cutting the shim plates.  For example, the first test is carried out using the specimen 

depicted at the top of Figure 3.2.  For the purpose of discussion one of the steel shims in 

Figure 3.2 is labeled “Shim A” while the other is labeled “Shim B”.  To begin with, Shim 

A serves as the pull plate, while Shim B serves as a reaction plate for the elastomer.  To 

begin, two cuts are made at each end of the strips through Shim A, as is shown in Figure 

3.2. Cuts are made through one piece of the steel shim as well as the total thickness of the 

rubber layer as shown in the figure. In the cutting process, the distance L is kept equivalent 

to the width of the strip and four times the thickness of the rubber. Therefore, two rubber 
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cubes (the shadowed area in the picture) at both ends of the strip and two pieces of steel 

shims will be partially separated from the strip. These two pieces of steel shim will serve 

as handles to fit into the hydraulic grips on the test machine. The whole strip is installed 

into the test machine and then stretched as the two shadowed rubber cubes reach their 

specified shear strain. As the specimen is pulled in tension, the deformations primarily 

occur due to shearing of the elastomer blocks at the ends of the bearing strip with the middle 

region of the bearing strip experiencing negligible deformation due to the stiff steel shims 

on either side.  Once the “Test 1” is complete, the tested region of the elastomer is removed 

from “Shim B” which then makes this portion of the shim the pull plate for “Test 2”.  

Similarly to the preparation for “Test 1”, cuts are made through Shim B and through the 

full thickness of the elastomer, thereby creating the specimen for “Test 2”.  Successive 

specimens are then created by slicing through the shim and the elastomer, thereby 

providing a measure of the variation in the properties of the elastomer along the full length 

of the bearing test strip.   

3.2.2. Evaluation of the Shear Modulus 

Evaluation of the shear modulus in the DST method is slightly adjusted on the basis 

of traditional QST. In 1995, experimental studies from Yura and his graduate students (Y.J. 

Arditzoglou, JA Yura and A.H. Haines, 1995) demonstrated that the cyclic load-

displacement curve becomes stabilized and repeatable as the number of the loading cycles 

increase. ASTM 4014 requires that the shear modulus be calculated based on the sixth 

stabilized shear extension curve. Shear moduli that are computed from the sixth extension 

curves for the DST tests are shown in Figure 3.3. Following recommendations from ASTM 

4014, the maximum loading strain should be maintained as 50%. 

Before determining the shear modulus calculation methods, it is necessary to 

understand the basic features of the shear curves from the new test method. Two typical 

shear testing curves with maximum shear strains of 50% and 100% are shown in Figure 

3.4. The shear test was conducted using DST specimens. The geometry of each rubber 
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block was 0.25”X0.5”X0.5”. This dimension of the rubber blocks is also the most widely 

used in traditional QST methods in the bearing industry.  The actual thickness that is used 

in the DST methods will be the thickness of the elastomer between two successive shims.  

 

Figure 3.3. Dimensions of DST specimen 

The test results are presented by shear force-displacement curves. The amount of 

the displacement graphed on the x axis is equal to the total shear displacement of two rubber 

blocks (ie. the two blocks at the end of the bearing strip. Instead of the shear stress-strain 

curve, the shear force-displacement curve is most often used by manufacturers to evaluate 

the shear modulus.  
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(a) Maximum shear strain: 50%  

          

 (b) Maximum shear strain: 100% 

Figure 3.4. Typical DST results with different maximum shear strain 

In the above graphs, both curves demonstrate the nonlinear load-deformation 

response of the rubber material. The pattern of the curves produced by DST is very similar 

to those from the traditional QST method. The plots show that the first shear cycles of the 
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shear test have a higher shear force at a given axial displacement and the curve shifts 

downward in successive test cycles; however the behavior tends to stabilize with 

successive cycles.  As noted above, ASTM requires the shear modulus to be based upon 

the sixth cycle.  Although results from the DST method showed that shear cycles tend to 

start being repeatable from the third loading cycle, the shear modulus was calculated based 

on the sixth loading cycle to be consistent with recommendations ASTM D4014. 

In this section, two calculation methods of the shear modulus are discussed. One is 

based on a slight adjustment of ASTM 4014; the other is to calculate the modulus when 

the specimen is stretched from 0.2 to 0.4 shear strain (Yura, 2001; Muscarella, 1995). Both 

of the calculation methods are adjusted for the shear modulus computation of the DST 

specimen. Similar to ASTM, the calculations are also based on the shear force-

displacement curve, instead of the shear stress-strain curve. 

The first method is developed from ASTM based on the QST. The shear modulus 

is determined by the slope between two points selected on the sixth extension curve from 

the original force-displacement curve. The first point with lower strain is determined by 

the maximum shear force multiplied by 2%. The second point with higher strain is 

determined by the shear strain increased by 50% from the first point. In this dissertation, 

the shear modulus under higher shear strain (100% to 250%) are basically evaluated 

through these two methods. The calculation of the shear modulus is explained in detail 

below: 
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Figure 3.5. Obtaining the shear modulus (ASTM) 

Shear modulus  G =
𝐹2 − 𝐹1

0.25𝐴
  

Where, 

𝐹1——2 % of the maximum tension force on the sixth cycle  

𝐹2——tension force at shear strain 𝑋2= (𝑋1+25%) on the sixth cycle, 𝑋1 is the 

shear strain corresponding to 𝐹1 

A——average sectional area of a rubber blocks 

T—— thickness of each rubber block in the specimen 

The other calculation method is also based on the slope between two points selected 

from the 6th extension curve. The only difference from Method I is that these two points 

are based on the 20% shear strain and 40% shear strain accordingly.  
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Figure 3.6. Obtaining the shear modulus (ASTM) 

Shear modulus G =
𝐹2 − 𝐹1

0.2𝐴
  

Where, 

𝐹1——shear force at 20% shear strain on the sixth extension cycle  

𝐹2——shear force at 40% shear strain on the sixth extension cycle  

A——average sectional area of a testing block 

T—— thickness of each rubber block in the specimen 

From the detailed explanation of these two calculation methods above, it is apparent 

that the shear moduli from the Method 1 represents the slope near the initial part of the 

curve. While Method 2 calculates the slope at a higher shear strain range. The shear curve 

of the polymer material tends to be highly nonlinear, and therefore the slope of the curve 

can change dramatically. Therefore, selection of the two points on the curve is extremely 

important for the calculation of the shear modulus that can reflect the material’s shear 
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stiffness. In this chapter, these two calculation methods are both utilized to evaluate the 

shear stiffness under lower and higher shear strain range. In this way, the test results from 

DST and QST can be better compared and investigated.  

3.3.  Comparative Experimental Study of Proposed DST and Traditional 

QST Shear Test  

An experimental study was carried out to compare the traditional quadruple shear 

test method and the proposed double shear test method. Both of the test methods were 

utilized with the same elastomer material selected from the same region of a full-sized steel 

laminated elastomeric bearing. All simple shear tests in this section were operated on a 22- 

kip capacity hydraulic MTS testing machine under the same testing environment (room 

temperature 73⁰F). As noted below, to improve the resolution of the load readings, a 

smaller (1 kip capacity) load cell was added to the setup.  The accuracy of the results from 

the dual shear test (DST) are assessed using the QST as the standard since this test method 

is the most widely accepted in the industry. In the subsection, the details of the test 

procedure and test results are illustrated.  

3.3.1. Test procedure  

3.3.1.1. Test specimen 

The dimensions of the typical specimens used in the QST and DST methods are 

shown in Figure 3.7. The ratio of the length to the thickness of each rubber cube is four, 

which meets the requirements of ASTM to maintain better strain distribution inside the 

rubber cubes. The main difference between these two specimens is that the DST specimen 

includes two rubber blocks instead of four.  

During the shear tests, both of the specimens were stretched to a maximum 

deformation of 0.5 inches to generate 50% shear strain inside each rubber block. Following 
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the ASTM guidelines, the specimen was subjected to six loading cycles to achieve 

stabilization.  

 

Figure 3.7. Dimensions of typical QST and DST specimens under 0.5 shear strain (Unit: 

inch) 

3.3.1.2. Test setup 

Since there is a small variation of the thickness and edge length of each rubber 

block to be tested due to the machining tolerances, the dimensions of each block were 

measured and documented before the shear test. The capacity of the MTS test machine was 

22 kips, which greatly exceeded the typical loads applied in the material tests.  Therefore, 

to improve the resolution of the load readings during the tests, a 1-kip load cell was added 

to the MTS machine. The 1000 lb. tension and compression load cell was attached on the 

top grip through a 5/8” diameter rod.  All the shear force data was obtained from the 

attached load cell and the displacement data was obtained directly from the MTS hydraulic 

test machine.   
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Figure 3.8. Material testing setup 
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3.3.1.3. Test Results and Discussion 

The objective of the simple shear test (SST) is the determination of the material’s 

shear modulus, which is an important property for design and as an input parameter for the 

finite element analysis. In this study, the test procedure was based on ASTM 4014. For 

each specimen there were six loading cycles. The sixth cycle is considered a representative 

shear load cycle reflecting the shear modulus of the elastomer material. Research results 

from the past indicate that SST measurements are significantly influenced by the 

temperature and loading rate (Stanton, J. F, 2006). Although the loading rate selected to 

calculate the shear modulus in the final subset of tests was strictly controlled as 0.05 shear 

strain per second (40 seconds per loading cycle), a variety of loading rates were evaluated 

in the initial test series to ensure that the measurements were not influenced heavily by the 

loading rate.  As a guideline, ASTM 4014 provides a load rate of 30 to 60 seconds per 

loading cycle, which encompasses the 40 second load rate ultimately selected.   

SST results from twenty specimens under a variety of loading rates were analyzed 

and compared. Four groups of selected test results from DST and QST under different 

loading rates are compared. The stress-strain curves at the sixth shear cycle of SST are 

shown. The curves repeat steadily after the sixth curve, which determines the shear 

modulus of the material.  

Comparison of the test results from the dual test and quad test specimens are shown 

in Figure 3.9 and Figure 3.10. Both kinds of tests were carried out with materials with 

hardness of 50IRHD and 70IRHD (International Rubber Hardness Degree) in order to 

evaluate the accuracy of DST on the range of materials commonly used in the bearing 

industry. The test results from DST and QST are compared and plotted based on same 

loading rate. The loading rates were chosen as 0.01, 0.03, 0.05, 0.08, and 0.1 shear 

strain/second. Finite element studies were also conducted to investigate the potential 

difference of those two testing methods. The results from the finite element studies are 

discussed in the following chapter.  
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(a) Load Rate: 0.01 Shear Strain/Sec                    (b) Load Rate: 0.03 Shear Strain/Sec 

 

(c) Load Rate: 0.05 Shear Strain/Sec                    (d) Load Rate: 0.1 Shear Strain/Sec 

Figure 3.9. Comparison of DST and QST results with 70IRHD material 
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(a) Load Rate: 0.01 Shear Strain/Sec                    (b) Load Rate: 0.03 Shear Strain/Sec 

      

(c) Load Rate: 0.05 Shear Strain/Sec                    (d) Load Rate: 0.1 Shear Strain/Sec 

Figure 3.10. Comparison of DST and QST results with 50IRHD material 
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sixth extension curve of each test and compared. The shear moduli according to the Method 

A (Eq.1. ASTM 4014) are shown and summarized in Table.1  

The differences between the DST and QST results were further investigated by 

comparing shear stress value in detail. The shear stress difference at all the strain levels 

from the sixth loading curve under different loading rates are shown below in Figure 3.11. 

The values on the horizontal axis represent the amount of the shear strain up to the 

maximum 50% shear strain. It is clear that the strain value increases from zero to the 

maximum value then decreases back to the zero strain. The values graphed on the vertical 

axis equal to the absolute difference of the shear stress. A cursory comparison between the 

curves from the QST and DST methods under the loading rate of 0.05 and 0.1 shear strain 

per second show very little difference between the two methods; however the data is 

discussed further in the following pages.   

 

(a) Stress difference at the sixth loading cycle, loading rate 0.01  

Figure 3.11 continued next page 
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(b) Stress difference at the sixth loading cycle, loading rate 0.05 shear strain/sec 

 

(c) Stress difference at the sixth loading cycle, loading rate 0.1 shear strain/sec 

Figure 3.11. Stress difference based on different loading rates 
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maximum value and generally had less than a 5% difference compared to the QST 

measurements.  

Values of the shear modulus calculated based on the two different calculation 

methods (methods A and B discussed earlier) under DST and QST are plotted according 

to the loading rates. Since the main objective of the shear test is to obtain the shear modulus, 

the comparison of the modulus value from both testing methodologies is necessary for the 

evaluation of DST as a viable method. In Figure 3.12, the difference of the shear moduli 

from different test methods are depicted in a plot under small scale along the vertical axis. 

However, since the difference is always below 1% of the shear modulus value, the test 

results produced by DST provide good correlation with measurements using the more 

common QST method.  

 

            Methods A                                                             Method B 

Figure 3.12. Shear modulus calculated based on different methods (70IHRD) 

As for the 70IRHD elastomer, the difference of the modulus calculated by Method 

A becomes larger when the loading rate increases. As for the values calculated from 

Method B, the difference is much smaller. This indicates that the shear curves from DST 

and QST differ more at lower shear strain than at higher values of the shear strain. This 

finding also verified the plots in Figure 3.11 that stress difference is relatively more evident 
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at the lower shear strain. The comparison of the test results also implies that shear moduli 

values are affected by the loading rate and the selection of calculation method. Similarly, 

the shear moduli were also calculated from the curves of different loading rates in Figure 

3.13.  

 

     Methods A                                                             Method B 

Figure 3.13. Shear modulus calculated based on different methods (50IRHD) 
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(i.e., 70 IRHD), lower loading rate is recommended. For material with lower hardness 

value (ie. 50 IRHD), the loading rate did not significantly affect the difference between 

DST and QST methods. 

Also, based on the variation of the shear modulus according to different loading 

rates, the loading rate is found to influence the testing results of DST itself. Therefore, to 

maintain a fixed loading rate as well as a consistent temperature is necessary to acquire 

reliable material property, which is discussed in more detail in the next section.  

Table 3.1. Summary of the DST method VS. QST method 

Traditional Quad Shear Specimen 
Dual Shear Specimen 

Symmetric about the testing plane Asymmetric about the testing plane 

Need to purchase extra steel shim and 

glue (Higher cost) 

Use the existing steel shim and bond 

strength  (Lower cost) 

Difficult to fabricate, may need extra 

curing time 

Can be progressively fabricated 

Hard to maintain consistency in 

dimensions of rubber blocks 

Better consistency in dimensions of 

specimens 

Disturbance on the pre-existing stress 

state between the rubber and the steel 

Less impact on the pre-existing stress state 

of the rubber 

Produce fewer specimens from a bearing Produce more specimens from a bearing 

 

Since the DST and QST test results were relatively close to one another, the DST method 

provides a viable alternative method for obtaining the properties of the elastomer.  

Therefore, the benefits of the method should be considered.  The features of DST method 

and conventional QST method are summarized in Table 3.1. The comparative study 

indicates that DST is a good alternative test method to the traditional methods due to its 

consistency in the testing results and convenient testing procedure. Nevertheless, because 

of the asymmetry and the variety of the specimens’ geometry, the reliability of DST was 
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further evaluated considering factors that can potentially induce any inaccuracy, as is 

discussed in the following section.  

3.4.  Evaluation of DST Methodology 

3.4.1. Effect from the Shear Relaxation  

One of the factors that must be considered in evaluating the stiffness of the material is the 

potential for relaxation, which can be defined as the decrease in stress within the material 

under a fixed strain state. NCHRP Report 325 (Roeder, C. W, 1989) and Yakut (2000) both 

investigated the effect of the loading rate on the performance of the full size bearings and 

found that the speed of testing is an important parameter that influences the behavior of 

elastomeric bridge bearings. Yakut also included the effect of relaxation to account for the 

loading rate effect. Although, the loading rate was always a concern of previous 

researchers, the shear relaxation effect on shear testing has barely been emphasized. 

Therefore, the loading rate is not yet strictly specified by current ASTM provisions. In 

order to have the comparable shear test results and limiting the impact of the relaxation, 

the relaxation effect was systematically investigated.  

Relaxation is illustrated by the shear stress relaxation test shown in Figure 3.14. 

This relaxation test was carried out with DST specimens. In the test, the specimens were 

held under different constant shear strains from 10% to 100% for five hours. The shear 

stress tends to stabilize within the first hour. It is clear from the results that shear stress can 

decrease under all levels of strain, which indicates that shear relaxation exists throughout 

the whole process of the shear test. This relaxation phenomenon agreed with the findings 

of Christian G’Sell (1983) and Yura, J (2001) who systematically conducted experiments 

to address the creep and relaxation effect in the elastomer material tests.  
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Figure 3.14. Shear stress relaxation over time under different fixed shear strain 

Considering the shear relaxation effect, the loading rate is assumed to affect the results of 

DST. The long chains inside the polymer are stretched faster under higher loading rates. 

This makes it harder for the chain to recover its previous configuration. As a result, the 

relaxation effect becomes insignificant as the strain energy cannot be well relieved. Stress 

that would have been relieved from the elastomer accumulated as the specimen is stretched 

to higher shear strain.  

Several shear tests with different loading rates were conducted on the material with 

different hardness values. The test results are shown in Figure 3.15 and Figure 3.16 for four 

different load rates. The curves in the two figures represent the sixth cycle of the cyclic 

loading test results, which is commonly used to evaluate the shear modulus.  
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Figure 3.15. The sixth extension curves of DST under different loading rates (IRHD 70) 

 

Figure 3.16. The sixth extension curves of DST under different loading rates (IRHD 50) 
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In the figure above, four extension curves are shown under different loading rates in DST 

method to further reflect the shear relaxation effect. From the figure, it is understood that 

the shear force-displacement behaviors with different loading rates are similar to each 

other; however, some differences can be observed. When the curve reaches the maximum 

shear strain, the corresponding maximum shear force is different with respect to different 

loading rates.  

The shear force increases with higher loading rate. Also, as depicted in Figure 3.17 

enhancing the loading rate tends to raise the slope of the extension curve as well as the 

maximum shear stress, which results in a higher measured shear modulus. At lower loading 

rates, the difference of the stress at the maximum strain is smaller. This phenomenon 

existed in both DST and QST. Therefore, relatively lower constant loading rate is necessary 

for the shear test to have a more stable consistency between DST and QST. The calculation 

results are also summarized in Table 3.2.  

 

IRHD: 70                                                                       IRHD: 50 

Figure 3.17. Shear stress values at the maximum shear strain  
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IRHD: 70                                                                     IRHD: 50 

Figure 3.18. Shear modulus based on DST from different calculation methods  
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Table 3.2 Summarized calculation results from DST & QST  

Testing 

method 

Shear strain rate 

(strain/sec) 

Shear modulus(psi) Shear stress 

at 0.5 shear 

strain (psi) Method A Method B 

 Neoprene 150. IRHD: 70 

DST 

0.01 263 240 128 

0.03 265 243 130 

0.05 266 247 133 

0.08 270 251 135 

0.1 272 256 137 

QST 

0.01 264 241 125 

0.03 267 243 127 

0.05 269 248 128 

0.08 273 251 130 

0.1 279 257 131 

Neoprene 150. IRHD: 50 

DST 

0.01 111 95 48 

0.03 116 103 49 
0.05 119 107 49.5 
0.08 123 115 50.5 
0.1 129 121 51 

QST 

0.01 112 100 47 

0.03 114 105 48 

0.05 120 109 48.5 

0.08 125 112 50 

0.1 129 115 50.5 

3.4.2. Effect from Maximum Loading Strain  

Maximum loading strain is defined as the shear strain level when the specimen 

reaches the maximum loading status at the end of each load cycle. The shear moduli can 

be affected by the pattern of the shear curves when the DST specimens are stretched under 

relatively large shear strain. Nevertheless, the evaluation of the shear test regarding the 

maximum shear strain level has been rarely discussed in previous investigations.  



54 

 

The 50% shear strain is required in the traditional QST method by ASTM 4014 

because it represents the shear status when the bearing comes to the maximum design level. 

In other words, 50% shear strain is considered as a performance limit of the elastomeric 

bearings in service. However, the shear curve under larger maximum shear strain may be 

of interest the bearings are used for higher demand applications, which was a target of the 

study of which this dissertation is a part.  Shear strains can be induced by any one of the 

loading conditions caused by compression, rotation, or shear deformation as depicted in 

Figure 3.19. The shear strain corresponding to each loading mode can accumulate in certain 

regions of the bearing, as is shown in Figure 3.19. As a result, the construction of a shear 

curve that covers a larger range of shear strain values is necessary to evaluate the test 

methodology and to better understand the bearing’s shear behavior under high demand 

conditions. 

  

            (a) Compression                     (b) Rotation                                         (c) Shear 

Figure 3.19. Equivalent total shear strain 

In Figure 3.20, DST results with different maximum shear strain are shown. As for 

the tests with higher shear strains, the loading rate was maintained as 0.05 shear strain per 

second to reduce the effect from relaxation. All the test results include six loading cycles 

which is also required for the traditional QST in ASTM4014 to have stabilized shear 

curves. The shear tests were carried out with different maximum shear strain: 50%, 100%, 

150%, 200%, and 250%. Figure 3.20 shows DST curves including six cycles with 

elastomer of 50IHRD. Figure 3.25 shows DST whole six shear curves with elastomer of 

70IHRD. 
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Besides the test results from the DST method under greater shear strain, the DST 

specimens were sheared to failure to investigate the full shear curve of the elastomer. Also 

the failure mode would be helpful to examine the bonding effect to make sure the pre-

existing bonding has stable capacity to sustain the shear force through the testing. The shear 

curve until the specimen failed is also included in the figures. 

 

a) DST with 50% maximum shear strain           b) DST with 100% maximum shear strain 

 

c) DST with 150% maximum shear strain      d) DST with 200% maximum shear strain 

Figure 3.20 continued next page 
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e) DST with 250% maximum shear strain        f) DST specimen failed in a shear test 

Figure 3.20. DST 6-cycle shear curves under different maximum shear strains  

(IRHD: 50) 

It is clear from the DST curves in the figures above that the shape of the shear 
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steel deformation of the DST specimen should not be problematic. As for this assumption, 

the study on the stiffness of the whole DST specimen is illustrated in the next section. Also, 

the harder material which is 70IHRD was adopted in the high-strain shear test to investigate 

the deformation of the steel shims.  The bending of the plates for the lower hardness 

elastomer should be smaller.   

 

Figure 3.21. Shear deformation of the rubber (50IRHD) under different shear strain 

during DST 

Similar to the traditional QST method, the DST method is not failure-oriented. The 

main objective of this shear test is to obtain the stress-strain relation curve and the stiffness 

property of the elastomer material. The main area of interest in the ultimate strength of the 

elastomer is related to the failure mode.  One area of interest in the ultimate strength of the 

material tests is whether the bond between the steel shim and the elastomer is adequate.   

The failed specimen is shown in Figure 3.22. For all the specimens the failure mode 

was generally due to the shear failure of the rubber block. The fracture never reached the 
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bonding surface between the steel shim and the rubber, which indicates that the pre-existing 

bonding effect from the manufacturing is able to sustain the shear force during the DST. 

  

Figure 3.22. Failed DST specimen (50IRHD) 

As is required by ASTM and ISO 6446, the elastomer material with hardness from 

50IRHD to 70IRHD can be manufactured in the bearing industry. Similarly, in order to 

extend the knowledge of harder elastomer material under greater shear strain, the 70IHRD 

material was adopted in DST test.   

As is depicted from in following images, similar pattern variation of the shear 

curves exist in the elastomer with higher hardness. Comparing the curves, it is clear that 

the shear hardening effect is more evident than softer elastomer materials. Therefore, since 

the purpose of the bearing is to allow the thermal movements, bearings made with harder 

material might not be a good choice for bridges that have large thermal movements. Since 

it is more difficult for the harder bearings to have large shear deformation to accommodate 

the thermal movement from the bridge structure, slipping or walk-out phenomenon are 

more likely to occur.  

Harder bearings with higher elastic moduli can take larger load without serious 

deformation. The shear curves that covered more area produced by the harder elastomer 

indicates that the harder bearings are competent to consume more energy induced by 

horizontal movement. 
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a) DST with 50% maximum shear strain           b) DST with 100% maximum shear strain 

 

 c) DST with 150% maximum shear strain         d) DST with 200% maximum shear strain 

Figure 3.23 continued next page 
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e) DST with 250% maximum shear strain           f) DST specimen failed in a shear test 

Figure 3.23 DST 6-cycle shear curves under different maximum shear strains (IHDR: 70) 

The deformation of the IHDR 70 DST specimen under different shear strains is 

shown in Figure 3.24. The pictures show the shear deformation of the rubber blocks 

corresponding to shear strains of 0.5, 1.0, 1.5, and at failure.  The pictures clearly show 

that the steel shim did not bend significantly during the DST. The bending behavior of the 

steel shim, which is considered related to the whole stiffness of the specimen, is further 

investigated in the next section.  
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Figure 3.24. DST specimen (70IRHD) under different shear strain 

The detailed pictures of the typical failed 70IRHD DST specimens during the test 

are shown in Figure 3.25. As is shown, a crack inside the rubber blocks and de-bonding 

are the main failure modes. The crack normally initiated from the edge of the rubber blocks 

where they were bonded to the steel shims. With increased strain demand, the crack grew 

throughout the rubber material. This common failure mode implies that the pre-existing 

bond strength is large enough for a normal shear test.  

 

Figure 3.25. Typical failure of DST specimen with 70IRHD elastomer material 
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As was stated in previous sections, the sixth shear extension curve is viewed as 

representative of the material’s shear property, which serves to provide important 

information for the parametric finite element study. In order to investigate the influence 

from the loading strain on the shear modulus, the sixth extensive shear curves from all DST 

with different maximum shear strains are summarized and plotted in Figure 3.26 and Figure 

3.27. As shown in these comparative curves, the shear modulus varies among the test 

results due to the change of the maximum load strain. This phenomenon happened to the 

both kinds of material with different hardness values. 

As is shown in Figure 3.26 and Figure 3.27, shear tests with higher maximum shear 

strain tend to produce curves with moderate slope values under the lower shear strain. The 

increasing of the shear stiffness can be more evident for the elastomer of higher hardness 

under high shear strain value.  Under lower shear strain, the shear curves are less nonlinear 

than the curves under higher strain. Apparently, the shear modulus calculated within certain 

range of the shear strain cannot reflect the shear stiffness of the elastomer material under 

other shear strains. It is hence necessary to standardize the shear test procedure so as to 

obtain comparable and repeatable test results among different experiment operators. Also, 

multi calculation methods of the shear modulus are recommended to comprehend the 

nonlinear property of the hyper-elastic material under different shear strains.  
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Figure 3.26. Stabilized shear extension curve with different maximum shear strains 

(50IRHD) 

 

Figure 3.27. Stabilized shear extension curve with different maximum shear strains 

(70IRHD) 
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The maximum shear strain at 50% has been considered as the maximum design 

shear strain for elastomeric bearings in service. As the 50% shear strain of the material is 

more meaningful, the shear modulus calculated within this shear strain value is required 

for quality control and bearing design.  In this dissertation, the maximum shear moduli are 

set as 50% in the standard DST following the maximum strain required for traditional shear 

test in ASTM. The shear modulus calculated within 50% shear strain would be considered 

as an important sign that specifies the variation of the material property. 

 

        a) 70 IRHD                                                                        b) 50 IRHD 

Figure 3.28. Shear modulus calculated with different calculation methods 
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                        a) 70 IRHD                                                            b) 50 IRHD 

Figure 3.29. Maximum shear stress under corresponsive maximum shear strain  

The shear moduli calculated with the two methods are shown in Figure 3.28. These 

calculation results are based on the curves under different maximum shear strains shown 

in Figure 3.29. For both calculation methods, the shear modulus values decrease with a 

curve under higher maximum shear strain. Calculations of the shear modulus were also 

conducted for the harder material. Similarly, the plots reflect that shear modulus which are 

calculated under lower shear strain decreases when the maximum shear strain increases.   

The variation percentage of the shear modulus are shown in Figure 3.30. The 

percentage difference clearly shows the influence of the maximum shear strain on the 

variation of the shear modulus. As for the softer material, the designated strain in the DST 

specimens has much larger effect on the shear modulus which can be as much as 17%. 

Whereas, the variation percentage of the shear modulus is below 6% for the harder 

elastomer. A comparison of the two modulus calculation methods, shows that Method A 

reflects bigger variability of the shear modulus than Method B. As Method A basically 

represents the slope of the shear curve under 25% shear strain, it can be concluded that the 

slope at the initial part of the shear curve changes dramatically due to the change of the 
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maximum shear strain in a DST specimen. During the shear test on softer elastomer 

materials, the maximum shear strain should be consistent to standardize the test procedure. 

All the shear moduli calculated based on different max shear strains are summarized in 

Table 3.3.  

 

Figure 3.30. Variation of the shear modulus 
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The shear curve under extreme shear strain provides in-depth knowledge of the 

elastomer material’s shear properties and the shear modulus calculation methodology. In 

order to further investigate the shear curve under larger shear strain, the shear curves under 

250% shear strain are modeled according to the hyper-elastic material model -- Yeoh 

model. The hyper-elastic modelling of the shear curve is discussed in detail in the next 

chapter. The shear curves are interpreted by the mathematical models by adjusting the 

parameters of the Yeoh model. The Yeoh model and the shear curves are shown in Figure 

3.31 and Figure 3.32.  

The two figures show that the material model represents the shear curve over the 

shear strain up to 250%. In the plots, the curves that stand for the variation of the shear 

stiffness are the derivative of the modelling shear curves at the points corresponding to 

different shear strains. The slope values at the points of the modelling curves are considered 

as the transient shear stiffness under that shear strain. The blue dot curves are thus able to 

specify all the shear moduli over the curve. From the following figures we can figure out 

that the amplitude of the shear modulus variation also changes under different shear strains. 

As is depicted in the plots, the variation of the shear moduli is relatively small under 50% 

shear strain where the shear moduli are calculated with both methods. For the material with 

different hardness, the shear stiffness decreases similarly until the specimens reach 

approximately 150% shear strain. When the material enters into higher shear strain the 

shear stiffness rises dramatically. 

Another feature that needs to be noticed in the plots is that the two shear moduli 

calculated based on different methods are also marked. Both of the methods reflect the 

shear stiffness at the initial part of the shear curve, which also demonstrates that the shear 

moduli calculated under 50% shear strain do not accurately represent the material 

properties at higher shear strain. Also, it can be figured out from both kinds of material that 

among these two calculation methods, Method A is corresponding to the shear modulus 

calculated at around 25% shear strain, while Method B is corresponding to the shear strain 

between 20% and 40%. This agrees with the calculation procedure of both methods.  
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Figure 3.31. Variation feature of the Shear stiffness under different shear strains. 

(50IRHD) 

(Yeoh’s model parameters: a = 125.4; b = -13.77; c= 1.825) 
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Figure 3.32. Variation feature of the Shear stiffness under different shear strains. 

(70IRHD) 

(Yeoh’s model parameters: p1 = 50.36; p2 = -89.54; p3 = 129.8) 

Compared to the curves obtained from the two different shear strain values, the 

100% shear strain curve represents a more complete nonlinear relation between shear force 

and displacement. The shear stiffness increases as the shear strain becomes larger, which 

is demonstrated with the increase in slope of the test curves in the regions near the 

maximum load.  However, since the ASTM computes the shear modulus acquired from the 

50% shear strain level and it is also assumed as the maximum shear strain an elastomeric 

bearing can resist in service, the shear curve within 50% shear strain will provide enough 

information for the curve fitting and future finite element analysis for the typical design 

process of the elastomeric bearings.  

Admittedly, the shear curve with 50% shear strain has been widely accepted in the 

industry. Whereas, during the bearings’ service under the shear, compression and rotation, 

equivalent shear strain in certain areas of the elastomeric bearings can be much larger than 
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50%. Especially when the bearings are evaluated for high demand application. Therefore, 

some DST specimens in this material study would be stretched to the higher shear strain to 

understand the material’s shear curve over larger range of strain values. These DST curves 

with higher shear strain values would be used to simulate the bearings’ behavior under 

high-demand loading conditions.  

In summary, the experimental study in this section reveals that the shear modulus 

is not only affected by the maximum shear strain of the curve, but also by the calculation 

methods. Since different ranges of the shear strain on the curve specifies different shear 

stiffness, a shear test should include the shear strain that is of interest in the particular 

research study. Also, to make the shear modulus comparable among different elastomer 

materials, the modulus should be obtained by the same calculation method from the shear 

test with fixed maximum shear strain.  

Since loading rate and the maximum loading strain are designated to standardize 

the DST procedure, other factors that may affect the accuracy of DST are investigated in 

the next section. The factors will primarily focus on the stiffness of DST specimens. 

3.4.3. Stiffness Study on DST Specimen 

The asymmetric geometry of DST specimens along their longitudinal direction 

makes bending deformation a potential factor that can influence the accuracy in the test 

data. The issue that might cause inaccuracy to the test results is investigated in this section 

through experimental and analytical study. Potential factors such as the hardness of the 

rubber material and the specimen’s geometry are assumed to affect the specimen’s 

equivalent out-of-plane stiffness. These factors are investigated systematically in this 

section.  

3.4.3.1. Hardness of the material 

Hardness of the polymer material has been a good indication of the material’s 

stiffness. Quantifying the relation between the hardness and the stiffness of the polymer 
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material is therefore important. As the stiffness of the rubber plays an important role in the 

mechanical model of the DST specimen, the hardness value of the elastomer can affect the 

equivalent stiffness of a whole specimen. Alan N. Gent’s book ‘Engineering with rubber’ 

(Alan N. Gent, 1992) even provided an equation developed from experimental work to 

quantify the relation between the hardness and elastic modulus.  

For a displacement-controlled loading test, an elastomer with higher hardness will 

induce higher shear force within the material. In Figure 3.33 the stiffness distributed over 

the body of a DST specimen is shown.  Assuming the rubber blocks experience simple 

shear strain, the shear modulus G, which is a function of the shear strain γ, determines the 

stiffness effect from the material. The stiffness of the steel laminate is interpreted as the 

combined function of the elastic stiffness, E, and the bending stiffness, B. As a result, the 

deformation of the specimen will be influenced by several components of the stiffness.  As 

depicted in Figure 3.33, the stiffness components act as springs in series.  Compared to the 

stiffness effect from the rubber, the elastic axial modulus, E, of the steel laminate can be 

considered infinite relative to the other components. Therefore, the bending stiffness and 

the hardness of the material will control the deformation of the specimen. Moment on the 

bending springs is also analyzed in this chapter. 

In order to extend the usage of the new shear testing methodology in the bearing 

industry, it is necessary to demonstrate that the DST method is applicable to elastomer 

materials of the hardness that is commonly utilized by bearing manufacturers.  

 

Figure 3.33. Simplified stiffness distribution on a DST specimen 

International Rubber Hardness Degrees (IRHD) are required from bearing manufacturers 

for quality control. According to ASTM D4014 and ISO 6446, hardness value from 50±5 

IRHD to 70±5 IRHD are most commonly utilized for elastomeric bearings. To study the 
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hardness effect on the accuracy of DST, experiments based on the elastomer of 50 IRHD 

and 70 IRHD were selected in this dissertation.  

One concern with the DST method is related to the asymmetry of specimen about the pull 

plates.  The asymmetry leads to bending moments applied to the shims that can lead to 

errors in the measured shear properties of the elastomer due to bending deformations.  The 

impact of these bending deformations is considered in the following subsection.    

3.4.3.2. Moment on DST specimen 

Moment on the specimen is basically due to the boundary conditions and the asymmetric 

geometry of the specimen. The boundary condition of one of the rubber blocks from DST 

specimen is shown in Figure 3.34 Shim A in the figure serves as the pull plate that is 

gripped by the testing machine while Shim B serves as a connection plate with the other 

half of the specimen. The shear force F coming from the tension testing machine is denoted 

in the figure.    Simple equilibrium on the specimen results in moments in the steel shims, 

thereby leading to bending of the shim plates that can affect the accuracy of the measured 

shear properties of the elastomer.   

 

Figure 3.34. Boundary condition of a deformed rubber block during DST 

According to the boundary conditions, the bending moment which is induced by 

the shear force is depicted in Figure 3.35 Two typical types of DST specimens are shown. 

As noted earlier in the chapter, several tests are carried out on a single strip removed from 

the bearing.  For the first test, the DST specimen is relatively long and become shorter with 

each subsequent test as portions of the elastomer and the shims are progressively cut.  Two 
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cases are considered in evaluating the effects of bending of the shim plates: 1) a long 

specimen, and, 2) a short specimen.  Specimen I represents the specimens made of the 

whole strip of rubber and steel, which occurs on the first test of the bearing strip. Specimen 

II represents the specimen with the shortest length which occurs on the last test after several 

previous tests have been carried out and portions of the elastomer and shim plates are 

removed.   

The specimens with untested rubber blocks have five moment ‘hot spots’. As for 

the shortest specimen, there are only three hot spots. For example, the bending moment in 

Shim A at the edge of the testing rubber blocks is considered as a ‘hot spot’ where bending 

deformation can accumulate. The difference between these two specimens is that relatively 

larger bending deformation is more likely to happen to Specimen I due to its larger length. 

The utmost bending deformation is assumed to happen at the middle of the specimen.  

 

Figure 3.35. Moment on typical DST specimens during the shear test 

It is shown in the pictures that the moment M depends on the shear force F and the 

thickness of the rubber blocks. The detailed deformation of the rubber block under shear 

force is shown in Figure 3.36. Investigation of the moment at the hot spot in Shim A is 

necessary to evaluate the specimen’s reliability in the DST. Since the hyper-elastic material 

has a relatively large bulk modulus (Stanton, J. F, 2006; Kim, J, 2010; D. Tabor, 1994). 

The volumetric variation of the rubber is small enough to be neglected. Therefore, to 

maintain the volumetric consistency, the thickness of the rubber blocks decreases from T 

to T’ under shear deformation. 
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Figure 3.36. Shear deformation of a rubber block 

Considering the variation of the thickness, the moment at Shim A will be TFM     

The thickness of the deformed block can be expressed as function of the shear strain: 

21 






T
T . The shear force equals to the shear stress multiplied by the cross section of 

the rubber block:  216TAF  .  

As is concluded in previous section, the shear modulus also varies according to the 

variation of shear strain. The shear modulus can be expressed based on the hyper-elastic 

model such as 3-term Yeoh model: 
5

30

3

2010 642  ccc  . As is plotted in Figure 3.37 

and Figure 3.38, this 3-term material model is able to reflect the stress strain relation of the 

elastomer material with different hardness values. The derivation of the material model 

based on DST is discussed in detail in the next chapter. The shear force F can be 

transformed into a function with the respect to the shear strain. The moment, M, in the steel 

shim due to the shear stress inside the rubber blocks is a function of the thickness T and 

the shear strain . The moment M in Figure 3.38 can be finalized as:  
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In this equation: 

M Moment in the steel shim in DST; 

 Shear strain; 

302010 ,&, ccc Parameters in Yeoh model; 
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T Initial thickness of the rubber block;  

From the final equation that determines the moment M on the steel shim, it is 

apparent that M strongly depends on the thickness of the rubber blocks and the shear strain 

during the test on the DST specimen. By altering the three parameters 302010 ,&, ccc  it is 

possible to have the moment calculated based on elastomer material with different 

hardness.  

Since the bending deformation of the DST specimens is assumed to reduce the 

accuracy of the test results. The stiffness of the specimen and the moment are further 

investigated by the equation above. The effects from the shear strain and from the rubber 

thickness are evaluated in order to optimize the DST procedure and the fabrication of the 

test specimens. The relation between the moment and the shear strain of the specimens 

with different rubber thickness are plotted in the pictures below. Thickness values of the 

rubber blocks are chosen to be 0.25”, 0.375” and 0.5”. These three thickness values cover 

the thickness of the rubber layers from most elastomeric bearings that are commonly 

manufactured. At the same time, the hardness of the elastomer material is reflected by 

applying different sets of the three parameters from the previous section. 

In Figure 3.37, the variation feature of the moment due to the increase of the shear 

strain is nonlinear. The moment increases faster when the rubber block is under higher 

shear strain. Also, thicker and harder rubber blocks result in relatively larger moment. 

Hence, thickness, hardness, and maximum shear strain need to be considered before 

applying the DST to obtain more accurate test results. In general, the DST method will be 

an option for the bearings with thinner and softer rubber layers. That being said, thicker 

and harder rubber does not necessarily cause serious inaccuracy to the test results, which 

is demonstrated subsequently in this dissertation by experimental study and finite element 

simulation.  
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IRHD: 70                                                                                     IRHD: 50 

Figure 3.37. Maximum moment in the steel plate under different shear strain  

From a plate bending strength perspective, since the steel shim is made of A370 

steel, moments larger than approximately 0.03kip-ft will induce yielding effect on the 

surface of the steel shim. Therefore, the steel shim will start yielding when the shear strain 

surpasses 100%. Nevertheless, yielding of the steel shim has not been found to cause 

significant deformation during the test. Different DST specimens were selected in order to 

have the shear curves with larger shear strain. For example, in the previous section where 

maximum loading strain is investigated, the 70IRHD material was tested by the specimen 

with 0.25” thickness rubber blocks. As is shown in Figure 3.38, the moment values are 

below 0.03 for all the specimens except for the one made of 0.5” thick 70IRHD rubber 

blocks. That means, theoretically yielding of the steel shim will not be an issue to acquire 

reliable DST results under the maximum shear strain that is larger than what is required in 

ASTM 4014.   
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Figure 3.38. Maximum moment in the steel plate under 100% shear strain 

The moment calculation based mathematical model discussed above, can be used 

to show that the moment of the hot spots on the steel shims is very small when the 

maximum shear strain in DST is below 100%. Proper selection of the thickness of the 

rubber specimens will help reduce the moment on the steel shims. In the material study, 

though 50% to 100% shear strains generate the shear curves that are adequate for bearing 

designers, nevertheless, the study on the effect of the specimens’ stiffness will involve the 

shear strains up to 150% to build the confidence in the DST methodology. 

3.4.3.3. Geometry of the DST Specimen 

Due to the special preparation procedure of the DST specimen, geometric effects 

on the testing results need to be evaluated. As is shown in Figure 3.39, when the dimension 

of the elastomer test blocks is constant, the entire length L will cause the geometric 

variation of DST specimen. Based on the three most common thickness values of the rubber 
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layers from the bearing manufacturers, three possible geometries of DST specimens are 

shown. 

This maximum length L depends on the length of a full-size bearing while the 

minimum length L depends on the thickness of the rubber layer. Usually, the minimum L 

is equal to eight times the thickness of the rubber layer. For example, for the 18”X9”X1.67” 

standard elastomeric bearing with 0.375” thick internal rubber layers, the total length L in 

the picture has a variation from 3” to 18”.  

 

(a) Specimen 1 

 

(b) Specimen 2 

Figure 3.39 continued next page 
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(c) Specimen 2 

Figure 3.39. Geometric variation of DST specimen (unit: inch) 

The effect of the specimen’s stiffness on the test results can be investigated by 

conducting a DST with specimens of different stiffness. The stiffness of the specimen was 

adjusted by adding additional steel plates and changing the hardness of the material. 

Materials with hardness values of 50 IRHD and 70 IRHD were considered since these are 

the common range used in bearing manufacturing. As is shown in Figure 3.40, steel plates 

are clamped along the specimen as stiffeners without affecting the shear deformation of the 

testing blocks at the ends. Since geometric effects will be considered simultaneously, 

longer steel plates are chosen for the longer DST specimens. As shown in the figures, the 

stiffening plates have no impact on the shear deformation of the test blocks for the 

elastomer and minimize the bending in the steel shim plates.   
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Figure 3.40. Clamping method to enhance the stiffness of DST specimen 

  

Figure 3.41. Stiffness strengthened specimen of different lengths during DST 

When the specimen is stretched by the MTS machine, the out of plane deformation 

is limited by the steel plates. Figure 3.41 shows DST specimens of different lengths during 

a test. The steel plates are clamped at the edge of the untested elastomer blocks. The longer 
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steel plate that covers the whole length of the specimen minimizes the out-of-plane bending 

at the end of the specimen. The shorter steel plate is used basically for strengthening the 

section at the middle of the specimen to resist the bending moment. As noted above, the 

steel stiffeners have no affect the shear deformation of the rubber blocks at the end of DST 

specimen.  

3.5.  Experimental evaluation of DST specimen 

A systematic experimental study was carried out to evaluate the stiffness and 

geometric effects on the DST specimens. Rubber material with hardness values as 50 IRHD 

and 70 IRHD were chosen. The length L of the specimen covers the maximum and 

minimum length values that are possible according to the size of the elastomeric bearings 

commonly produced in the industry. The test procedure of the experiment is standardized 

to have comparable test results that reflect the change of the specimens.  

In the experiment, all specimens were stretched to 50%, 100% and 150% shear 

strain. Although the DST is designed to study polymer’s shear properties with 50% 

maximum shear strain and the maximum shear strain is not the research topic of this 

section, a DST with different sets of relatively larger shear strain can provide good 

understanding of the stiffness effect on the DST results. All the shear tests followed the 

same test procedure to produce comparable results from six consecutive shear curves. The 

loading rate was maintained to be 0.05 shear strain per second. 

For comparison purposes, test results from two DST specimens with and without 

steel stiffeners are plotted together to show the effect from adjusting the stiffness of the 

specimen. All six cyclic loading curves are shown. The test results are shown in Figure 

3.42 and Figure 3.43. Four groups of test curves from each kind of material are selected to 

illustrate the specimens’ effects on DST results.  



82 

 

 

     50% shear strain, 6-inch specimen                50% shear strain, 18-inche specimen  

 

100% shear strain, 18-inche specimen            150% shear strain, 18-inche specimen 

Figure 3.42. DST results of 50 IRHD elastomer material 

Test results clearly show that the repeatable shear cycles from specimens with 

different hardness are very similar to each other. Essentially the stiffness change from the 

steel shim used for DST had no significant influence on the test results.  
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50% shear strain, 6-inch specimen                               50% shear strain, 18-inch specimen      

 

 100% shear strain, 18-inche specimen                150% shear strain, 18-inch specimen 

Figure 3.43. DST results of 70 IRHD elastomer material 
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3.6.  Discussion and conclusion 

Stress-strain curves obtained from the experimental study showed good consistency 

between QST and DST methods. The shear test serves to provide significant material 

properties such as shear modulus. In this preliminary study that was carried out at the outset 

of the material studies, the shear modulus was considered as a main standard to evaluate 

the reliability of the DST. Two shear modulus calculation methods were applied to evaluate 

the variation of the shear curves. Materials with different hardness values were considered 

in the study and the results are shown in the following two tables. 

Shear moduli of the specimens with different features are compared and shown in 

Table 3.4 and Table 3.5. The two tables summarize the test results related to the 

investigation of the stiffness study. All the shear modulus values are computed based on 

the shear testing curve extended to 50%, 100% and 150% shear strain. The corresponsive 

maximum shear stress values are also shown. Higher maximum shear stress does not 

necessarily induce higher shear moduli. The maximum shear stress values help specify the 

changing level of the load due to the specimens’ variation. All the potential factors that 

affect the DST results discussed in this section are listed in the table. The shear modulus is 

calculated based on two methods as outlined earlier in the chapter. 
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Table 3.4. Shear modulus comparison (50 IRHD) 

Specimen feature 

Maximum 

Shear 

Strain 

Maximum 

Shear stress 

(psi) 

Shear modulus (psi) 

Method A Method B 

Traditional QST (ASTM 

4014) 

50 

49 124.6 109.5 

6” with stiffener 45.5 122.3 106.7 
18” with stiffener 47.0 122.9 107.8 

6” without stiffener 46.2 123.8 108.2 
18” without stiffener 48.4 125.2 109.3 

6” with stiffener 

100 

86.5 117.2 103.8 
18” with stiffener 87.4 116.9 103.2 

6” without stiffener 87.9 118.3 105.5 
18” without stiffener 88.3 120.7 107.8 

6” with stiffener 

150 

137.3 112.3 98.3 
18” with stiffener 136.8 111.9 98.7 

6” without stiffener 138.9 114.7 101.4 
18” without stiffener 139.6 118.2 104.5 

 

Table 3.5. Shear modulus comparison (70 IRHD) 

Specimen feature 

Maximum 

Shear 

Strain 

Maximum 

Shear stress 

(psi) 

Shear modulus (psi) 

Method A Method B 

Traditional QST (ASTM 

4014) 

50 

131.5 280 265.3 

6” with stiffener 119.8 273.5 249 
18” with stiffener 123.0 273.7 250.5 

6” without stiffener 120.3 274.8 253.4 
18” without stiffener 122.2 275.3 255.7 

6” with stiffener 

100 

231.8 266.9 245 
18” with stiffener 235.6 266.4 245.4 

6” without stiffener 237.0 268.5 249.9 
18” without stiffener 240.6 273.8 253.6 

6” with stiffener 

150 

422.8 260.5 245.9 
18” with stiffener 435.3 261.2 244.1 

6” without stiffener 440.3 264.6 253.6 
18” without stiffener 451.8 271.3 260.2 
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From the shear modulus shown in the tables, it is concluded that neither the stiffness 

nor the geometry significantly affect the DST results. The shear modulus calculated from 

the DST method, though slightly lower, is very close to those calculated from QST method. 

Also, similar to what is discussed in previous sections, Method B produces relatively 

smaller shear modulus values compared to Method A. Specimens stretched to higher shear 

strain tend to produce lower shear modulus values, which further verified the findings in 

the previous section. 

In order to better investigate the stiffness effect on the test results, the comparison 

of the shear modulus is visualized in Figure 3.44 and Figure 3.45. Specimens with different 

hardness values, maximum shear strains and stiffness are plotted in the figures. Specimens 

made of the same material are plotted together.  It should be noted that the differences in 

the measured shear modulus as a function of the maximum shear strain are amplified in the 

figures due to the reduced scale on the vertical axis.   

 

Figure 3.44. Comparison of the shear modulus (Method A) from 50 IRHD DST specimens 
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Figure 3.45. Comparison of the shear modulus (Method A) from 70 IRHD DST 

specimens 

The figures above clearly show that specimens with higher stiffness and larger 

dimensions produce relatively higher shear modulus, both for 50IRHD and 70IRHD 

materials. The shear modulus values from the specimens with steel stiffeners are very close 

to each other even with a relatively large variation of the specimen dimensions. Enhancing 

the stiffness by adding steel stiffeners tends to reduce the geometry effect on the testing 

results. Comparisons of results for specimens with and without stiffeners, demonstrates the 

geometrical effects on the specimens’ stiffness. As the shear strain increases, the stiffness 

and geometry effects become more obvious. The amount of the shear modulus difference 

gets larger between the specimens with and without stiffeners, and between the specimens 

of different dimensions. 

Comparisons in the shear modulus values between the materials with different 

hardness values, shows that the stiffness of the specimen has a larger effect on the test 
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results of the material with higher hardness. However, this effect is not substential among 

the stiffened specimens, which means the steel stiffeners are able to control the bending 

effects on elastomers within the common range of hardness values used by bearing 

manufacturers.   

Admittedly, the specimens’ stiffness, hardness, and geometry influences the test 

results, whereas as for DST under 50% shear strain, this variation percentage is always 

below 3%. Therefore, steel stiffeners might not be necessary for DST specimens with 

maximum induced shear strains less than 50%.  Furthermore, very little difference was 

observed in the behavior of the specimens despite very large differences in the geometry.  

This small difference in behavior is due to the limitations in the out-of-plane deformation 

due to the use of the steel shims.  

The main objective of the preliminary stiffness study was to investigate the factors 

that affect the stiffness so as to give recommendations to on adjustments to the DST 

procedures. The investigation indicates that the stiffness mainly depends on the rubber 

hardness and the steel shims’ stiffness. The geometry of the specimen plays a role in 

enlarging or limiting the stiffness effect on the test results. The results from harder polymer 

material showed that stiffener might be necessary for specimens according to the 

specimens’ characteristics in order to acquire more accurate results. In summary, the DST 

is accurate for the shear testing of polymer material with hardness from 50IRHD to 

70IRHD. The stiffeners would be necessary for the specimens with larger dimensions, 

higher hardness, and higher shear strain level. 

3.7.  Chapter Summary 

Material variation due to the aging or manufacturing effects is becoming an issue 

of the performance assessment of elastomeric bridge bearings. In this chapter, a new shear 

testing methodology referred to as the Dual shear test (DST) was introduced to enhance 

the efficiency of the assessment and acquirement of the material properties directly from a 
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finished elastomeric bearing. The fabrication procedure of DST specimens demonstrated 

the advantage of this method over traditional methods that are commonly used in the 

material study on bearings. Furthermore, by progressively fabricating and testing the 

elastomer blocks across the width of the bearing, a better indication of material variations 

is possible.  

Based on this new test method, two kinds of shear modulus calculation methods 

were illustrated and applied through the evaluation of all the test results in this chapter to 

capture the features of the shear curves over a larger range of shear strain. The loading rate 

and maximum loading strain were found to have an influence on the DST results. 

Therefore, the procedure of DST was standardized to have comparable test results with the 

traditional QST method of testing.   

The accuracy of the new testing methodology was evaluated by the comparative 

experimental study on DST and traditional quad shear testing (QST) methodology. Based 

upon the comparison of the results from the test specimens made for these two testing 

methods, the DST method proved to be a good method in determining the shear properties 

of the elastomer. The dual shear testing (DST) method is thus demonstrated to be a reliable 

alternative method of traditional quad shear testing method (QST).  

Due to the asymmetric geometry of the DST specimens, out-of-plane deformation 

can impact the testing accuracy. Systematic experimental tests were conducted to 

investigate the specimen’s stiffness effect on the test results. Conclusions were drawn that 

the specimens’ geometry, hardness and stiffness are not significantly affected in the DST 

results. However, in order to maintain the DST methods accuracy, specimens with larger 

lengths and harder elastomer are suggested to be stiffened with steel plates. 

In summary, the DST method is recommended for the shear test of polymer 

materials commonly used in elastomeric bridge bearings. This new material testing 

methodology will serve as an efficient assessment of aged bearings as well as detail quality 

evaluation of new bearing products. The material results in the remainder of this 

dissertation have been based upon the DST method of testing.   
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4. Interpretation of DST Results for Material Models 

4.1.  Overview 

As discussed in the previous chapter, the material study includes experimental work 

and the interpretation of the test data. The research on the experimental work aims at 

finding the most efficient and accurate methods to acquire the mechanical properties that 

characterize the behavior of the material in computational simulations. The study on the 

material models focuses on the interpretation of the data from the new Dual Shear Testing 

(DST) methodology for the input information needed by the finite element models. As the 

geometric modelling for the elastomeric bearings is relatively straightforward, the accuracy 

of the FEA essentially relies on the proper interpretation of the material properties. One of 

the difficult aspects of working with a complete bearing is the potential for significant 

variability of the material properties throughout the bearing.  Thus, only with the proper 

interpretation method can the data from the test be representative of the material in the 

simulation.  As the material information of a complete bearing is obtained by experimental 

work, finding the mathematical models that can reflect the specific material behavior is 

extremely important. 

This chapter concentrates on the interpretation of the DST results with different 

material models. These material models serve to characterize the mechanical behavior of 

the elastomer material and to help investigate the experimental study on the new testing 

methodology. In this chapter, the material models corresponding to the simple shear 

deformation of the new DST methodology are developed and evaluated to find the proper 

models for the parametric finite element study. 
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4.2.  Mathematical Material Models Applicable for DST Results 

Due to nonlinear properties, the characterization of the hyper-elastic material is 

generally more complex than steel or other elastic materials. Many theories have been 

proposed to find mathematical models to simulate hyper-elastic material. Previous research 

from Kurt Miller, Huang (2008) and Yeoh (1993) concluded that different models should 

be adopted under different situations. These situations include the specific methodology to 

obtain the material data and the intended range of the testing data selected to represent the 

material property. As the method to get the material data is determined, the interpretation 

lies in the decision of the proper material models and the data range of interest. Figure 4.1 

depicts a potential curve from test data that requires a material model.  The proposed model 

for this fictitious data is shown and agrees well with the test data for some regions and has 

poor agreement in other regions.  Depending on the expected range of actual behavior, the 

proposed model may perform well at capturing the behavior of the model.  If the expected 

behavior is in the region with poor agreement, modifications to the material model are 

necessary.   

The plots in Figure 4.1 aim at showing that the material models are normally able 

to fit a certain range of data instead of covering all the test results. Thus, a proper choice 

of the material model cannot guarantee a good data interpretation for a parametric finite 

element study or a computer analysis of a given bearing application. A significant disparity 

between the test data and the material model would result in either convergence difficulty 

or inaccuracy during the simulation. The quality of the interpretation strongly depends on 

the choice of the model and the curve-fitting quality. 
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Figure 4.1. Interpretation process of the test data 

In order to enhance the curve fitting quality, the models can be slightly adjusted by 

changing the coefficients to make the modelling curve fit the test curves better. Improper 

choice of the material models can easily induce outcomes in the simulation of the material. 

Therefore, it is necessary to derive and evaluate the material models according data from 

the given test.  In the case of this dissertation, the dual shear tests were used to test material 

sections from several different bearings.   

4.2.1. Derivation of Hyper-elastic Material Models 

The most commonly accepted theory for modelling the hyper-elastic material is 

based on the strain energy density theory (Mooney, M. 1940). The function can express 

the energy stored inside the elastic material. The strain energy density function is a scalar-

valued function of the material to the deformation gradient. This function can be presented 

as a polynomial function of three invariants. The strain energy density function W is shown 

below:  

 321 ,, IIIWW   Or  321 ,, WW   
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In the formula 𝐼1, 𝐼2, 𝐼3 are strain invariants. These strain invariants are functions of 

three principal stretches as shown below. Three principal stretches corresponds to the 

elongation components in the three dimensional directions.  
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In the equations above, 𝜆1, 𝜆2, 𝜆3 are the principal stretches. Stretches are defined 

as the ratio of the finial dimension after deformation to the initial dimension without 

deformation. The stretch is equivalent to the engineering strain plus one. The principal 

stretches play an important role in associating the strain invariant  𝐼  with the strain 𝜀. 

E

oo L

uL

L

L
 


 1  

The three principal stretches are utilized to measure the volumetric deformation as 

well as the potential strain energy. As is shown Figure 4.2, a rubber block is stretched along 

two directions, the 𝜆1 and 𝜆2 will measure the in-plane deformation of the rubber block. 

The relation between the principal stretches and the variation of the length is visualized. 

Here, 𝜆3 is the measurement of the change of the thickness. Since the rubber material is 

assumed as incompressible as a result, the volumetric change ratio is expressed as 
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Figure 4.2. Definition of the principle stretches 

As the rubber material is assumed incompressible in this material study, the strain 

energy density depends on the deviations from strain invariants and the volume ratio, J . 

Also it can be written as a function of the three principal stretches with the volume ratio,

J . The volume ratio is defined as the ratio of deformed volume to the original volume

2

3321

 I
V

V
J

o

 =1. As a result, the invariant 3I  is not included in the part of deviation 

part but in the volume ratio part of the strain energy function. 

   JWIIWW bd  21,  or    JWWW bd  321 ,,   

The deviations of the invariants and the principal stretches are defined as follows. 

In the formula, p equals to 1, 2, and 3 which reflects the three dimensional directions of 

the rubber block.  
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Once the strain energy function is known, most of the prevalent non-linear material 

models can be derived and utilized to represent the material property in an FEA simulation. 

A polynomial form of the strain density function is introduced here to illustrate the strain 
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energy function used to derive the material models. In the end, the strain energy function 

can be transformed into an equivalent function including the coefficient ijc . 
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The polynomial equation is based on the first and second principal invariant 

deviations. The initial bulk modulus K is simply expressed as: 
1

2

d
K   

Two widely used material models are the Neo-Hookean Model and the Mooney-

Rivlin. The models can both be generated based on polynomial subsets. The Neo-Hookean 

Model is the subset when k=1 and N=1.  

d
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The Neo-Hookean model can be determined by two parameters 10c  and d. 

Similarly, the Mooney-Rivlin model is considered as a special form of the polynomial 

equation. When N=1 and 001 c the Mooney-Rivlin equation contains three coefficients 

as follows:  

     2

201110 1
1

33  J
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Similarly, if the terms in the function are extended, it is possible to get Mooney-

rivlin models that are based on four, six and ten constants.  
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Another widely used material model is the Yeoh model, which can be obtained 

based on the deviation of the first strain invariant. This model is also based on a special 

form of the original polynomial strain density equation. Yeoh’s model has been shown to 

be reasonably accurate when the material is under a relatively high strain state (Yeoh, O. 

H, 1993). 
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With the three different kinds of hyper-elastic material models discussed above, it 

is concluded that all models can be determined by their own constants. The material study 

aims to find an efficient experimental method to determine the constants for the hyper-

elastic model that accurately represents the material property. Since the material models 

can only be recognized in the FEA by constants, to find the right parameters is significant 

for the reliability of any computer simulation.  

In the experimental study, stress-strain curves were obtained from specimens from 

several locations within the elastomeric bearings. This stress-strain relation of the material 

model can be acquired by differentiating the strain energy function with respect to the 

principal stretches. The stress and strain are thus interpreted as a Piola-Kirchhoff stress 

tensor ijt  and a Cauchy-Green strain tensor ij . In this function, the stress tensor and the 

strain tensor are related to the general stress and strain in the material.  
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The function is utilized to develop the strain-stress relation in different experiments 

corresponding to different deformed configurations of the specimens. These experiments 
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may be uniaxial tension, compression, or shear tests. However, unlike uniaxial loading 

states or multi-directional tension states, the direction of the elastomer’s displacement 

under simple shear is not generally directly compatible with the direction of its principal 

stretches. The specific deformed configuration the rubber blocks in the shear test is 

depicted in Figure 4.3. In the picture, the shear stress ( t ), shear strain ( ), and the principle 

stretches ( ) are depicted. The alternation of the principal stretches’ directions is caused 

by the rotation of the axis under the shear strain. The two principal stretches depicted in 

the picture represent the tension stretch and the compression stretch.    

 

Figure 4.3. Shear deformation of one rubber cube. 

According to continuum mechanics, the strain tensor and the deformation gradient 

tensor both change according to the shear deformation. As a result, the left Cauchy-Green 

strain tensor, B, and the deformation gradient tensor, F, can be expressed as follows: 
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The relation between the principal stretches and the strain invariants in three 

directions can be developed according to the expression of the strain tensor and the gradient 
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tensor.  As a result, the three strain invariants in the strain density equation can be expressed 

as formulas involving the strain: 
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As for the two-parameter Mooney-Rivlin model, when the bulk modulus is zero the 

shear stress can be found by differentiating the strain energy function with respect to the 

shear strain (Rivlin, R. S, 1948). 
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The simple shear curve produced by this model tends to be linear with a shear 

modulus made up of two constants  01102 ccG  . Similarly, the shear modulus with 

corresponsive parameters from the Neo-Hookean model can be expressed as: 
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  . Also the shear moduli based on the model can be 

acquired as  102 cG  . 

The final forms of the two material models shown above allow the conclusion that 

the Neo-Hookean and Mooney-Rivlin models both present the shear test data linearly. 

Although the rubber material is a highly nonlinear material, the assumption that the shear 

curve is linear under small shear strains has been prevalently accepted especially during 

the shear modulus calculation. Since the shear modulus is the only value that is utilized to 

quantify the shear property of the rubber material, the shear curve expressed by the shear 

modulus will always be a linear curve. Therefore, the test data can be efficiently interpreted 

by these two models merely based on the shear modulus values instead of the complex 

curve fitting process. Furthermore, as is discussed in the previous chapter, the shear curve 
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is relatively linear for the rubber material within 100% shear strain. Therefore, these 

models are applicable for most design cases that require 50% shear strain limit in the 

elastomeric bearing industry. 

As for the shear curve under higher shear strain, other material models that are able 

to interpret nonlinear shear curves are necessary. The Yeoh model (Yeoh, O. H. 1993) has 

been shown to be accurate especially when the rubber material experiences higher strains. 

The relation between the shear stress and the strain with this model (eg. two parameter 

Yeoh model) is obtained as follows: 
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Similar to the Mooney-rivlin model, more forms of Yeoh model with multiple 

parameters are available (Selvadurai, A. P. S., 2006). These models can be derived from a 

general formula shown below. Therefore, the models with three, four, five and six 

parameters can be generated as the following formulas. Gent (1997) and Yeoh (1997) 

proposed that the high order of strain energy functions are not able to represent the property 

of an elastomer material due to the fact that the material is not reproducible to be evaluated 

at a large number of coefficients within suitable accuracy.   
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Similarly, the other material models with different numbers of parameters can also 

be interpreted after being differentiated with respect to the principal stretches. Therefore, 

a relation between the shear stress and the shear strain will be described by the Piola-

Kirchhoff stress and the Cauchy-Green strain. Material models are finally transformed to 

be polynomial stress-strain functions with limited parameters. These parameters can be 

obtained by fitting the curve of the experimental data.  

Analysis and evaluation of the material models based on the shear test data though 

is significant, are rarely done by previous researchers. Although these three prevalent 

material models are all able to be recognized by many commercial software packages, the 

slight change of the models and the coefficients will typically induce very different 

modelling results.  

4.2.2. Evaluation of the Hyper-elastic Material Models  

Although the construction of the material models based on the uniaxial test is 

becoming much mature nowadays, interpretation of the shear test data has rarely been 

considered in previous studies. When the shear data becomes more effortless to be obtained 

through DST methodology, finding the proper interpretation procedure for the DST data 

becomes necessary.  

In this section, these three different material models are evaluated by fitting the 

shear curves from the dual shear test results in Chapter 3. Since the 50% shear strain is the 

current maximum design shear strain for elastomer bridge bearings, the fit-quality of the 

curves within this range is of importance. The evaluation of the material models covers the 

three most widely used models in previous studies. Furthermore, in order to better 

understand the material models’ application on the elastomer material with all different 

hardness in the bearing manufacturing industry, materials with higher and lower hardness 

values are both involved in this section. 

The shear stiffness values under small shear strain are of interest since the 

elastomeric bearings are normally designed to be able to sustain a relatively small shear 
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strain up. The test data interpretation with the material models within this strain range is 

discussed and evaluated. The shear curves under 50% shear strain are interpreted by the 2-

term Yeoh model, the Mooney-Rivlin model, and the Neo-Hookean model, shown in 

Figure 4.4. In this dissertation, these three models are abbreviated as Y model, MR model 

and NH model, respectively. 

 

50IRHD elastomer material  

Figure 4.4 continued next page 
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70IRHD elastomer material 

 Figure 4.4. Material models interpreted based on 0.5 maximum shear strain curve  

From the graphs shown above, it is clear that different material models express the 

same shear curve differently. Also, since the shear curve produced by the harder material 

has a more obvious nonlinear pattern, the 2-term Yeoh model can basically express the 

nonlinear features of the shear curves. The other two curves produced by the other models 

are linear, as indicated in the derivation of the models’ equations. Slopes of NH and MR 

are both close to the shear modulus. NH model is very similar to Y model at lower strain. 

This also verified the research from Alan N (1992) that demonstrated that the NH model is 

more accurate in presenting the data under lower strain. On the other hand, the 2-term MR 

model curve is essentially different from the material data. Nevertheless, MR model is still 

favored by most researchers due to its conservativeness and linear simplification when 

predicting shear stress.  

Recalling that for design purposes, ASTM D4014 (2002) limits the shear strains to 

less than 50%. Material properties under higher shear strain enable researchers to simulate 
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and understand the bearings under extreme loading condition that is hard to create in the 

full scale test. The knowledge of bearing design under high demand loads is necessary for 

extending the usage of elastomeric bearings to higher demands. Therefore, the necessary 

material models should be be able to interpret the data under higher shear strain as well. 

Different material models generated based on the curves from both soft and hard 

elastomer materials under lower shear strain are plotted in Figure 4.5. The curve with 250% 

shear strain is also plotted to be compared with the models. In the plots, the shear curves 

under higher shear strain have a more obvious nonlinear pattern that cannot be interpreted 

accurately by linear models. The 2-term Y model based at low shear strain is not a proper 

choice for the simulation of the material under loading condition. Comparing the three 

models, the MR model would be the best option compared to other two models though the 

model cannot fit the nonlinear curve perfectly.  

 

50IRHD elastomer material 

Figure 4.5 continued next page 

Test data 2.5 max strain 

Test data 0.5 max strain 
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70IRHD elastomer material 

Figure 4.5. Comparison of models with 50% strain and the test data with higher shear strain  

Previous studies on the material models specified that the different range of the 

curve would generate different models. In order to enable the finite element model to reflect 

the bearings’ behavior under higher demands, it would be better for the material models to 

cover more experimental data obtained from the DST method.   As the data under large 

shear strain are also available, comparison among the material models from the 250% shear 

strain curve are shown in Figure 4.6. The models are also compared with the curve under 

50% shear strain. Similarly, DST data from material with different hardness are illustrated 

below. From the graphs, the curve fitting quality from the Y model and the MR model are 

more accurate than the NH model. Nevertheless, the NH model based on a larger strain 

curve can still express the curve under lower strain. When the material enters into the 

maximum shear strain range, the MR model becomes more conservative for the harder 

material than the softer material.  

0 0.5 1 1.5 2 2.5
0

100

200

300

400

500

600

700

800

900

shear strain

s
h

e
a

r 
s
tr

e
s
s

 

 

test data 0.5 max strain

test data 2.5 max strain

Yeoh model

Mooney-Rivlin model

Neo-Hookean model

Test data 2.5 max strain 

Test data 0.5 max strain 



105 

 

 

50IRHD elastomer material 

 

70IRHD elastomer material 

 Figure 4.6. Comparison of the material models based on the 250% shear strain  
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Through the investigation of the material model produced under low shear strain 

and high shear strain, it can be concluded that the choice of the material model and the 

shear strain range of interest is extremely important for the accuracy of the interpretation. 

As for these three fundamental material models, models based on lower shear strain cannot 

perfectly reflect the data at higher shear strain, and vice versa. Since the NH model can 

only represent the shear strain up to approximately 30%, this model is not likely an 

appropriate candidate for the material under higher shear strain. Also, as the higher shear 

strain would either cause the specimens’ out-of-plane deformation or de-bonding between 

the steel and rubber material, the shear test under high shear strain is difficult to popularize 

in the bearing industry. As a result, the next section will focus on the interpretation of the 

shear curve with different shear strain by different material models so as to regularize the 

model selection for the shear curves. 

Among the material models, the MR model and the Y model with more parameters 

are investigated with the shear curves of multiple shear strains. Figure 4.7 shows the shear 

curves under 50%, 100%, 150%, and 250% shear strains as well as their corresponding MR 

models. The slope of the MR curve gets lower when interpreting the shear curves of higher 

maximum shear strain. This is due to the fact that the slopes of MR models are heavily 

dependent on the shear modulus of the shear curves. The decreasing of the model’s slope 

again demonstrates that the shear curve with higher maximum shear strain tends to produce 

lower shear moduli as presented in the previous chapter. The MR models are slightly 

conservative under lower shear strain.  

As for material with 50 IRHD, the shear curve under high strain can also be 

simplified to be interpreted linearly by MR models. However, the linear models cannot 

reflect the shear stiffness hardening feature when the material reaches the maximum 

designated strain.  
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50IRHD elastomer material 

 

70IRHD elastomer material 

Figure 4.7. DST data with different maximum shear strains interpreted by 2-term 

Mooney-Rivlin models 
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The same shear curves from material with different hardness are interpreted by 2-

term Y models in Figure 4.8. C Comparisons of the shear curves under different shear 

strains and their individual corresponsive 2-term Y models, shows that a 2-term Y model 

can only represent the same curve that generates the model. In other words, the model 

generated by the curve under 50% shear strain cannot interpret the curves under other shear 

strains. The models’ curves perform well until they reach the data’s maximum shear strain. 

This indicates that interpreting the shear test data based on current ASTM 4014 with 2-

term Y model can cause tremendous inaccuracy in the FE simulation when the material 

surpasses 50% strain. 

 

50IRHD elastomer material 

Figure 4.8 continued next page 
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70IRHD elastomer material 

Figure 4.8. DST data with different maximum shear strains interpreted by 2-term Yoeh’s 

model 

Previous researchers tried to enhance the curve fitting quality by increasing the 

number of coefficients in the Y model. The 3-term Y model has been prevalently utilized 

to simulate rubber materials in parametric finite element studies. The interpretation of the 

shear curves under different shear strains by 3-term Y models is depicted in Figure 4.9. 

The curves from the models and the test curves are all plotted together for comparison. 
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50IRHD elastomer material 

 

70IRHD elastomer material 

Figure 4.9. DST data with different maximum shear strains interpreted by 3-term Yeoh 

model 
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The plots show that 3-term Y models significantly enhance the curve fitting quality. 

Even for the nonlinear shear curves with maximum shear strains up to 250%, the model is 

able to reflect the stiffness hardening feature. Through the comparison in the pictures 

above, it needs to be noticed that these 3-term Y models have shortcomings similar to 2-

term Y models. Either for the hard or the soft material, 3-term Y model generated from 

lower shear strain cannot be trusted to predict the curves under higher shear strains. This 

is one main disadvantage of the Y model even though the model with higher orders can fit 

the test curve more accurately than other models. Although these 3-term models from lower 

shear strain curve cannot represent the data of higher shear strain, the models from higher 

strain curves are capable to fit curves under lower strain.  

From the evaluation of the different material models, it is clear that the quality of 

the test data interpretation is affected by the data coverage and the model selection. The 

representative capacity of the material models is also limited by the data coverage. Since 

data coverage is extremely difficult to extend based on the most current shear test 

methodology, the selection of the material model plays an important role in optimizing the 

data interpretation for any future parametric finite element analysis.  

4.3.  Optimization of the material model selection  

Since both the testing methodology and the current testing regulations can only 

provide the data with limited shear strain coverage, it is necessary to find the proper models 

based on these limited test data that are also able to represent the data at other shear strain 

levels without losing accuracy. The optimization of the material model will go through the 

interpretation process of the selective material models with different sets of shear curve. 

The curve fitting quality will be investigated and visualized to assist the selection of the 

material models. 

The shear curves under large and small shear strains with different models are 

further investigated. Considering that the Y models work better than other material models 
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when larger range of data are available, only the higher orders of different Y models are 

evaluated with the shear curves with 250% shear strains in Figure 4.10 and Figure 4.11.  

Similarly, these shear curves under extreme designated strains are also selected 

from DST results of soft and hard materials. From the plots of the models with more 

parameters we can see that increasing the number of the parameters cannot induce a 

significant change when the Y model already contains more than 3 terms. All the Y models 

with higher orders are able to represent the elastomer material properly. Whereas, the Y 

model with 2 parameters that is off the test curve is not recommended for the curve with 

high shear strain.  

 

Figure 4.10. Material models generated by DST data with 250% shear strain (50IRHD) 
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Figure 4.11. Material models generated by DST data with 250% shear strain (70IRHD) 

Since the difference between the Y models with different numbers of coefficients 

cannot be clearly depicted in the curve fitting images, the absolute error during the curve 

fitting is illustrated to evaluate the material models in detail. The absolute error is defined 

as the absolute difference between the material model and the test data. The error equals to 

the absolute result of the stress values on the test curve subtracted by the stress values on 

the model curve under the same shear strain.  
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Figure 4.12. Data fitting error from the material models with 250% shear strain 

(50IRHD) 

 

Figure 4.13. Data fitting error from the material models with 250% shear strain (70IRHD) 
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The absolute error analysis plots from the models based on 250% maximum shear 

strain curves clearly show the quality of the interpretation over the whole shear strain range. 

The 2-term Y model is not included due to its poor fit-quality compared to the other higher 

order models. By viewing the absolute error curves, it needs to be noticed that the quality 

of the data interpretation of the soft elastomer material is higher than that of the hard 

material. This is due to the higher nonlinear property of the material with higher hardness. 

Therefore, as for rubber of higher hardness, a higher order of the Y model is recommended 

to enhance the curve fitting quality. Furthermore, the absolute error tends to rise when the 

shear strain is under 50%, which verifies previous studies that the Y-models perform better 

under higher strain compared to lower strain (Alan N. Gent, 1992). In the absolute error 

study, it is apparent that this error can be lowered by around 50% through increasing the 

order of Y model from three to six. 

Another feature of the error curves that should be noticed is the interaction points 

of the data curve and the models. Basically, it specifies one interaction point where the 

absolute error becomes zero. As depicted in Figure 4.14, the number of the coefficients of 

the material models equals to the number of these interaction points. By increasing the 

number of the points where the models go across the experimental curves, the overall curve 

fitting quality would be enhanced. However, within small shear strain range, the error still 

exists. In brief, a Y model with more coefficients is good option in order to better interpret 

the data under higher maximum shear strain.  

                       

Figure 4.14. Curve fitting illustration by Yeoh model 
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As most shear tests were conducted based on the ASTM 4014 from the bearing 

manufacturers, meaning that the shear curves are normally under 50% shear strain, material 

models are anticipated to be able to reflect the test data beyond the designated maximum 

strain. The material models that interpret the curve under 50% shear strain are plotted to 

be compared with the curve under 250% in the following graphs. At the same time, absolute 

error study is carried out for the curve under 50% shear strain. 

 

Figure 4.15. Material models generated by DST data with 50% shear strain (70IRHD) 
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Figure 4.16. Material models generated by DST data with 50% shear strain (50IRHD) 
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Figure.4.15 and Figure 4.16. The figures clearly demonstrate that increasing the order of 
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carried out to compare the material models within 50% shear strain. The error study results 

are shown in Figure and Figure for the material with 50IRHD and 70IRHD.  

The results further verified that interpreting the data from softer material is more 

accurate than that from harder material. By comparing the Y models’ error curves, we can 

figure out that by increasing the number of the material models’ coefficients, the absolute 

error will not decrease dramatically. On the other hand, the material models generated from 

the lower shear strain can represent the data more accurately than the models generated 

from the higher strain. In other words, the test curves under low shear strain can be 

represented more accurately by the models. 

This phenomenon is assumed due to the limited data coverage of the experiment. 

As shown in Figure 4.17 when the test data covers relatively smaller shear strain, the 

interaction points where the material models pass across the test curve become closer to 

each other. The difference between the material model and the test data, which is also 

limited by the density of the interaction points within the data coverage, will be essentially 

reduced. As a result, the fitting errors from different models are much closer to each other. 

Since the effort in increasing the order of the Y model will not induce significantly better 

curve fitting quality, a 3-term Y model is a good option for simulating the curve under 50% 

shear strain.  
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Figure 4.17. Data fitting error from the material models with 50% shear strain (70IRHD) 

 

Figure 4.18. Data fitting error from the material models with 50% shear strain (50IRHD) 
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Among all the material models from the analysis of the curve fitting error, curve 

fitting quality of the Mooney-Rivlin model is lower than the other models. However, since 

Y models based on low shear strain curve are not able to represent the data under high 

shear strain, the Mooney-Rivlin model would be a proper choice to simulate the material 

under high strain state without losing too much accuracy.  

4.4.  Discussion and Chapter Summary 

Interpretation of the test data plays an important role in associating the experimental 

data with the parametric finite element analysis. As for the future researchers, to understand 

characteristics of the hyper-elastic material models is necessary to guarantee the accuracy 

of the simulation. This chapter illustrates the derivation of the material models from the 

energy density function to construct the models suitable for experimental results with the 

new Dual Shear testing methodology. Neo-Hookean, Mooney-Rivlin, and Yeoh models 

(the three most widely used models) are utilized for the data interpretation analysis of the 

elastomer material with different hardness.  

Through the evaluation of the material models based on different test results, the 

following conclusions can be made: 

I). When the test data with large shear strain coverage are available, the Yeoh Model 

with 3 or more coefficients is a good option to reflect the nonlinear behavior of the material; 

II). When the data are limited to the lower shear strain (50% shear strain) but the 

material behavior under higher strain is of interest, the Mooney-Rivlin model ought to be 

adopted instead of any Yeoh models;  

III). The shear strain hardening effect, which becomes more pronounced for the 

harder elastomers, cannot be reflected either by the Mooney-Rivlin model nor the Neo-

Hookean model. Under smaller shear strain, both of these models are conservative 

compared to the Yeoh model;  
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IV). Shear test data under lower shear strain and from softer elastomer material can 

generate Yeoh models that reflect those data more accurately than that under higher shear 

strain and from harder material;  

V). The Mooney-Rivlin model can be adopted for the interpretation especially for 

the soft elastomer material when detailed nonlinearity is not of interest in the bearing 

design and analysis.  

Since extending the usage of elastomer bearing for higher demand is of great 

interest, the simulation and analysis of the elastomer material under corresponsive higher 

shear strain is desired. Furthermore, it has been demonstrated that shear curve under low 

strain level cannot generate models that properly represent the material’s nonlinear 

behavior under higher strain. Therefore, material shear test is supposed to have the strain 

coverage that is at least larger than the interest strain range.  

Nevertheless, most current official shear testing specifications such as ASTM 4014 

only requires 50% shear strain coverage for the simple shear test, which makes the test data 

less useful when constructing the material models for the simulation of strain higher than 

50%. Suggestions from this dissertation would be:  

I). Increase the shear test’s strain coverage to the interest maximum shear strain and 

utilize the 3-term Yeoh model to represent the data;  

II). Since the material shear test data under high strain are extremely limited due to 

the current testing methodology, the Mooney-Rivlin model is recommended to interpret 

the curve under higher shear strain that is not covered by the shear test. Under this 

condition, neither the high nonlinearity nor the shear stiffness hardening behavior can be 

reflected in the future parametric finite element simulation. Nevertheless, the model would 

suffice to assist normal design and analysis in the elastomeric bearing industry. 
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5. Material Property Variation throughout the Bearings 

5.1.  Overview 

The impact of a bearing’s mechanical performance due to the variations in the 

material properties throughout the bearing has been mentioned in previous studies from A. 

R. Bhuiyan (1994), Othman (2001) and Hamaguchi (2009). Variations in the properties 

can be caused by a number of factors including uneven vulcanization quality, pre-existing 

stress between the rubber and steel shims, and the elastomer hardening due to aging effects. 

Variations of the material properties throughout the elastomeric bearing is of 

interest for bearing designers, manufactures, and researchers due to the limits of proper 

testing methodology when trying to obtain the material properties directly from the full-

sized bearings.  In cases that might extend the use of bearings to higher demand 

applications, concerns in the property variations increase due to uncertainty in the 

manufacturing processes for the larger bearings as well as larger reactions and 

deformations in the structural system.  In addition, the impact of a poor performing bearing 

in a higher demand application likely has more significant consequences since the 

structural system is likely more complex than traditional applications that have utilized the 

elastomeric bearings.  This chapter focuses on the material study of different full sized 

elastomeric bearings based on the dual shear test (DST) that was introduced in Chapter 3.  

To better evaluate the effect of the manufacturing process on the material properties 

inside finished bearing products, elastomeric bearings with four different dimensions were 

selected for the experimental study. The dimensions of the test bearings were selected to 

represent large variations in thickness, width and length.  The dimensions of the three 

bearings are shown in Table 5.1. These bearings include traditional sizes (small) as well as 

larger bearings that are representative of the types of bearings that would be used in higher 

demand applications (medium, large, and extra-large).  As noted in the table, for the 

reference purposes, the bearings will be referred to as small, medium, large, and extra-large 
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bearings throughout the chapter.  Some of the geometric dimensions that might not be clear 

by the description are given in Table 5.1 are also illustrated in Figure 5.1. 

Table 5.1. Elastomeric bearing dimensions 

Bearing  
Width 

(in.) 

Length 

(in.) 

Number 

of 

rubber 

layers 

Layer 

Thickness 

(in.) 

Cover 

Thickness 

(in.) 

Steel 

Shim 

Thickness 

(in.) 

Total 

Height 

(in.) 

Small 18 9 2 0.375 0.25 0.12 1.61 

Medium 27 14 7 0.5 0.375 0.12 5.21 

Large 23 36 5 0.5 0.375 0.12 3.97 

Extra 

Large 
36 48 12 0.5 0.375 0.12 8.31 

 

 

Figure 5.1. Section of the elastomeric bearing 

5.2.  Hardness Test of the Elastomeric Bearings 

The preliminary investigation of the material property variation along the width and 

depth of the bearings is an important step in understanding the behavior of the bearings.  

The hardness is considered as an important indication of the stiffness of the polymer 

material. In this section, a systematic program for measuring the hardness of the bearing 

elastomer was developed and carried out as the preliminary material test indicator for the 

shear modulus of the rubber. The hardness test results of the four different bearings are 

illustrated and discussed.  

5.2.1. Testing Methodology 

A series of systematic hardness testing was carried out on both the interior and 

exterior surfaces of each bearing. The hardness value is considered as a good reference 
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indicator for the stiffness of the polymer material. The hardness test is based on the reading 

from a typical hand-held durometer (Figure 5.2). Although the hand-held durometer is 

convenient and widely accepted in the bearing quality evaluation system, the hardness 

reading is somewhat dependent on the operator.  The magnitude and speed of force 

application as well as the instrument angle of the durometer as it is pressed into the material 

will likely differ among individuals, which can impact the quality of the reading.  In an 

attempt to understand operator-dependent effects, the testing readings in this study were 

based on the average of multiple durometer operators.  

  

Figure 5.2. Durometer used for the hardness test 

As is shown in Figure 5.3, the hardness readings from five different operators are 

compared. A hardness test was conducted on the same rubber material. Before the test, 

each durometer operator was asked to practice the proper pressing load and speed on a 

calibration block to get readings close to the known value of the calibration block. On the 

actual bearing samples, each operator conducted and recorded the hardness values from 

four tests.  The readings from different operators were slightly different from each other, 

with a scatter of approximately ±5 IRHD. It was stated in previous research that this small 

difference in hardness will not cause great difference in other stiffness related material 

properties (P.B. Lindley, 1975). Nevertheless, in order to reduce the potential operator-

dependent outcomes, each reading documented is averaged from values of different 

individual operators.  
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Figure 5.3. Operator dependent effect study 

The hardness testing was carried out along the vertical, longitudinal, and transverse 

dimensions of the elastomeric bearings. Testing spots were carefully selected according to 

the dimensions of the finished bearing to investigate potential material property variation. 

In order to obtain the internal hardness readings, bearings were cut along the longitudinal 

and transverse centerlines as shown by the rectangular blocks in Figure 5.4. The long 

rectangles are the strips that were cut, while the smaller rectangles show where the readings 

were taken.  In this dissertation, this variation is evaluated on the strips obtained from the 

edge and middle part of the bearing. Hardness values of the four different bearings are 

illustrated and discussed in the next section. 
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Figure 5.4. Regions selected for hardness test 

As is depicted in Figure 5.4, hardness values were acquired from the center, edge, 

and corner of the bearings. Red squares in the picture present the two rubber strips 

longitudinally obtained from the center and the edge of on the middle layer of the bearing. 

Blue squares in the picture present the two rubber strips obtained transversely from the 

center and edge on the middle layer of the bearing. The yellow squares in the pictures 

specify the location where hardness readings are obtained vertically. One of them is in the 

center of a bearing and the other is at the corner. The width of each rubber strip is 2 inches.  

The tests were conducted on each elastomer layer between the steel shims and the 

two edge surface layers. The number of the hardness readings from each bearing depends 

on the dimensions and the number of layers. As for the medium, large and extra-large 

bearings, hardness test spots were located every 2 inches along the length and width. The 

spots inside the small bearings were arranged every 1.5 inches due to thinner rubber layers 
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inside the bearing. Thus the number of hardness tests through the depth of the bearings was 

equal to the total number of the rubber layers.  

5.2.2. Test Results and Discussion 

The hardness results from the bearings of four different dimensions are 

systematically illustrated through a number of graphs presented in this section. The 

hardness values are specified according to their reading locations. From each bearing, the 

hardness readings are shown through the longitudinal, transverse, and vertical directions. 

Hardness tests were conducted merely on the middle rubber layer for the longitudinal and 

transverse directions. The number of the hardness tests conducted is illustrated in detail in 

Table 5.2.  

Table 5.2. Number of the hardness tests conducted on different bearings 

Hardness tests 
Small 

bearing 

Medium 

bearing 

Large 

bearing 

Extra-large 

bearing 

Longitudinal at edge 12 12 18 24 

Longitudinal at center 12 12 18 2 

Transversal at edge 6 6 10 18 

Transversal at center 6 6 10 18 

Vertical at corner 4 9 7 14 

Vertical at center 4 9 7 14 

The number of the hardness tests at the center and the edge are equal so as to 

investigate the hardness difference between the exterior and interior of a bearing. The 

extra-large bearing is an exception due to the limited number of the testing spots exposed 

in the center of bearing along the longitudinal direction. However, since two strips of 

specimens were obtained transversally at the edge and at the center, two corresponding 

testing spots were available for the hardness test.  

The hardness test results are depicted from Figure 5.5 to Figure 5.8 as following. 

For each kind of bearing, the hardness values obtained from the middle and the edge are 

plotted together. The testing location shown at the horizontal axis specifies the relative 

locations of the hardness testing spots within the bearing. Hence every testing spots in the 
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pictures can be located from the number on the horizontal axis. The hardness variation 

condition in the bearings is then characterized in three dimensions. 

 

a) Hardness test along the length            b) Hardness test along the width 

 

c) Hardness test along the depth  

Figure 5.5. Hardness values from the small elastomeric bearings 

The pictures above illustrate the results from the small bearing, it is clear that the 
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1 2 3 4 5 6 7 8 9 10 11 12
30

35

40

45

50

55

60

H
a
rd

n
e
s
s
 (

IR
H

D
)

Longitudinal testing location (x Length/12)

 

 

Specimen from the edge

Specimen from the center

1 2 3 4 5 6
30

35

40

45

50

55

60

H
a
rd

n
e
s
s
 (

IR
H

D
)

Transverse testing location (x Width/6)

 

 

Specimen from the edge

Specimen from the center

1 2 3 4
30

35

40

45

50

55

60

H
a

rd
n

e
s
s
 (

IR
H

D
)

Vertical location (x Layer thickness/4)

 

 

Specimen from the center

Specimen from the corner



129 

 

exterior of the bearing along different directions, the hardness values from the center strip 

and from the edge are very close to each other. Furthermore, the plots show that there is no 

substantial hardness variation along each direction in the small bearing. The hardness 

results from the other bearings are shown in the same way. 

  

a) Hardness test along the length                b) Hardness test along the width 

 

c) Hardness test along the depth  

Figure 5.6. Hardness values from the medium elastomeric bearings 
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a) Hardness test along the length              b) Hardness test along the width 

 

c) Hardness test along the depth  

Figure 5.7. Hardness values from the large elastomeric bearings 
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a) Hardness test along the length          b) Hardness test along the width 

 

c) Hardness test along the depth  

Figure 5.8. Hardness values from the Extra-large elastomeric bearings 

The graphs show that the hardness variation is different among the bearings which 

primarily differ in geometrical dimensions. As for the smallest bearing, the longitudinal 
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bearings, which would indicate an insignificant shear stiffness variation inside the small 

bearing. Nevertheless, the hardness test results from all the bearings indicate the 

phenomenon that the hardness from the inner testing spots are higher than those near the 

edge.  

The hardness values at the center of the bearings are higher than those from the 

edge and corner. Compared to the hardness variation from the center, there is almost no 

variation of the readings from the edge and the surface of a bearing. The hardness readings 

from the specimens obtained at the center express a good trend of the variation. The 

hardness values reach the maximum close to the interior. Whereas the values decrease as 

the reading locations grow closer to the outer layer. Therefore, durometer readings from 

the surface of the new bearings, cannot represent the overall hardness of the bearing.  

The hardness variation, is still unavoidable especially for the larger bearings likely 

due to variations in the vulcanizing temperatures. In order to understand the hardness 

variation condition of different bearings, the hardness test results are further investigated 

as follows. The maximum and minimum hardness values from different bearings are 

illustrated in Figure 5.9 According to the test results, these extreme durometer readings 

will reflect the range of the hardness values existing inside the bearing.  

 

Figure 5.9. Extreme Hardness from the surface and the interior of different bearings 
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The figure above shows that that the hardness values on the surface are similar 

among the different bearings, despite very different geometrical dimensions. The 

maximum of the material inside the bearing is slightly different.  The maximum hardness 

for the small bearing is lower than observed for the medium, large, and extra-large 

bearings, which were very close to one another.  

Besides the extreme hardness values, the average values are shown in Figure 5.10 

These average values are based on the test results from the specimens along the edge and 

the center. The internal average hardness from the large bearing is slightly higher than the 

other bearings. The average hardness in the center is lower than the maximum hardness in 

Figure 5.9 while the average hardness at the edge is still close to that at the surface. This is 

because the hardness reading locations on the specimen from the centerline also include 

the hardness from the surface. The averaged hardness values provides the indication of 

how the hardness changes from the bearing’s exterior to interior.  

 

Figure 5.10. Average hardness test results from different bearings 
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from the edge, which means the variation along the centerline is more significant. The 

evaluation of the hardness deviation further verified that bearings of large dimensions tend 

to have more significant variations in the hardness compared to standard applications that 

have used smaller bearings.  In addition, the medium bearing, which is much thicker than 

the large bearing, has larger hardness deviation than the large bearing. Based upon this 

observation, it would appear that the thickness of the bearing can play as much or more of 

a role in the material property variation as the length and width of the bearing. 

 

Figure 5.11. Standard deviation along the edge and the centerline of different bearings 
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temperature and times vary inside the bearing accordingly. Therefore, variations in the 

stiffness as well as other material properties that depend on the curing time and temperature 

remain afterwards. As a result, material variation across finished steel laminated 

elastomeric bridge bearings will exist.  

Through the investigation in the material hardness from the medium, large and 

extra-large bearings, hardness values vary symmetrically about the centerlines. This 

finding also agrees with the conclusion from previous studies from A. R. Bhuiyan (1994) 

and Othman (2001). The hardness test which serves as the preliminary investigation in the 

material study on elastomeric bearings, demonstrates the assumption that the material 

property variation exists inside newly manufactured elastomeric bridge bearings.  

From the hardness study, it can also be concluded that the material variation is less 

evident for smaller bearings than larger ones. Following the assumption that the hardness 

provides an indication of stiffness and other material properties, the variations in the 

hardness would indicate that the shear modulus also varies somewhat symmetrically across 

the centerline. This can be better explained by the curing process during the manufacture 

of the elastomeric bearings. As the heat generated from vulcanization will tend to transfer 

symmetrically inside the bearing, the curing quality of the material that will induce 

hardness variation will accordingly remain symmetric. Due to the validated symmetric 

material property distribution, the dual shear testing methodology is adopted to obtain the 

shear modulus accurately and efficiently in this material study. 

5.3.  Application of DST Methodology 

One of the primary objectives of the research presented in this dissertation is to 

investigate the mechanical properties of elastomeric materials in a variety of different sized 

bearings. To obtain the properties from finished bearings, the new testing methodology---

-dual shear test method as outlined in Chapter 3 was conducted with the specimens 

obtained directly from the bearings. A number of preliminary investigations were carried 
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on this testing methodology to fully understand any limitations.  As was demonstrated in 

Chapter 3, the testing methodology was demonstrated as a reliable and efficient method for 

obtaining measurements of variations in the shear modulus across the width and thickness 

of the bearing. 

 Because the preliminary test on the DST methodology showed good reliability in 

the method, the systematic application of the method across the width and thickness of a 

variety of bearings will demonstrate the variability in the mechanical properties of the 

elastomer as a function of the bearing geometry.  Results from comparative studies on 

bearings of varying geometry provide valuable input for the finite element parametric 

studies that are also a major part of the primary research study. An overview of the test 

setups, test methods, procedures and the test results from these investigations as outlined 

in the following sections provide a good starting point in understanding the overall study.   

5.3.1. Specimen Preparation  

The specimens for the shear modulus tests were prepared according to the 

dimensions of the bearings. The dual shear test (DST) specimens were obtained by cutting 

the bearings symmetrically in order to test the shear modulus symmetrically. This testing 

method has much higher efficiency in the specimen preparation than the traditional Quad 

Shear Test methodology, which has historically been relied upon for such tests. However, 

the acquisition and preparation of the DST specimens still demand careful planning to 

ensure that the specimens cover the entirety of the rubber layers in the bearing. This section 

illustrates the DST specimen preparation from the bearings of four different dimensions. 

Specimen geometry 

The term “specimen” in these tests refer to the basic geometry of the rubber blocks 

that are removed from a variety of bearings and systematically tested.  Specimens with the 

same geometry generally reduce the effort in the specimen preparation. Also a standardized 

specimen geometry helps to improve the accuracy of the tests since variables that might 

impact the fundamental material properties are limited. The ratio of the length to the 
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thickness of the rubber test blocks were maintained to a value of four to guarantee a good 

shear deformation inside the rubber.  

Specimens with two different geometries were prepared to account for the different 

layer thickness of the elastomeric bearings. As is shown in Figure 5.12, dimensions of the 

specimens are highly dependent on the geometry of the bearing especially the thickness of 

the internal rubber layers. Hence, bearings with a higher length-to-thickness ratio can 

produce more specimens and more detailed information about material property variation. 

The specimen on top, which has a nominal 0.375 inch rubber layer, was obtained from the 

small bearing. All the other bearings used the 2 inches rubber layer DST specimen.  

 

 
Figure 5.12. Dimensions of the shear test specimen (Unit: inch) 
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Specimen labelling 

Shear modulus testing throughout a full-sized bearing is a time consuming and 

laborious process.  The dual shear testing technique helps accelerate the process to obtain 

the variation in the material property information.  The process actually requires less effort 

in specimen preparation compared to the traditional QST procedure while also generally 

providing a finer matrix of property variation results throughout the bearing.  The location 

of each pair of rubber blocks is carefully documented as the strips are cut off the bearings 

in order to build a final material property profile of each bearing.  

In the labelling system, a three-dimensional coordinate labeling method was 

adopted. Therefore, the location of each testing location inside the bearing can be 

interpreted by the label of the rubber block. The labeling method is depicted in Figure 5.13. 

In the specimen, each elastomer cube is labeled as ‘X-Y-Z’. X, Y and Z correspond to the 

direction along the length, width and thickness of a bearing. The values of X, Y and Z equal 

to numbers of testing cubes that can be obtained from the bearing. For example, in the case 

of large bearing, which measured 36”×23”×3.97”, the maximum value of X equals to 18. 

The label Y equals to 10. That means only 10 testing cubes can be fabricated along the 

width direction. The maximum value of Z equals to 5, the number of the rubber layers. As 

is shown in Figure 5.13 the X, Y, and Z directions are depicted according to the dimensions 

they represent. Thus, each rubber cube along the rubber strips can have individual labels. 
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Figure 5.13. Labeling of the testing blocks 

Labeling the bearings can help estimate the density of the rubber cubes to be tested 

from each kind of bearing. The labeling of the four different bearings is illustrated in the 

following pictures. As for the small, medium, and large bearings, the DST tests were 

conducted over all of the internal rubber layers. Tests taken from the extra-large bearing 

were limited by the ability to cut the very large bearing.  Instead tests were made on strips 

taken from the edge and the middle to characterize the variation of the material property 

from the exterior to interior of a bearing. Cut labels are shown in the following pictures.  
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a) Small bearing                                               b) Medium bearing 

 

c) Large bearing                                d) Extra-large bearing 

Figure 5.14. Sections of the elastomeric bearings. 

Bearing cutting design 

In order to obtain the material property variation of the bearings, the shear tests are 

supposed to involve as much rubber material as possible. However, since the elastomeric 

bearings are different in dimensions, the way how the specimens are acquired were 

different. Therefore different cutting plans were developed according to the specific 

bearings. The number of the rubber cubes is associated with the accuracy of the variation. 

However, since the DST specimens use bonded steel shims directly from the bearing, the 
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material from some rubber layers cannot be tested.  Therefore, the material properties of 

these untestable rubber layers among the DST specimens were obtained from the 

assumption of symmetry in the bearing.  This specimen acquirement technique was also 

based on the symmetric feature of the material property indicated by the hardness test. With 

this technique, a measure of the material property could be obtained from every rubber 

layer.  The assumption of symmetry in the bearing is a potential source for error in the 

measurement of property variation; however based upon the hardness measurements that 

were taken throughout the bearing, this was deemed a reasonable (and necessary) 

assumption.   

The testing strips were acquired as shown in Figure 5.14. Each testing strip included 

two layers of steel shim and one layer of elastomer material. Since the strip produced the 

shear modulus of the rubber blocks at both ends at the same time, the strip was taken so as 

to cover the material cubes that were symmetric to the centerline of the bearing. In this 

study, as assumed based on the preliminary hardness test results, the material property is 

investigated symmetrically about the bearing’s longitudinal and transverse axes.  

 

a) 18”×9”×1.61” small bearing cutting design 

Figure 5.15 continued next page 

 



142 

 

 
b) 14” ×27” ×5.21” medium bearing cutting design 

      

         
c) 23” ×36” ×3.97” large bearing cutting design 

Figure 5.15 continued next page 
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c) 36” ×48” ×8.31” Extra-large bearing cutting design 

Figure 5.15. Process of shear test specimens’ acquirement 

The cutting design shown in the figures above depicted the primary cuts on rubber 

layer where the steel and the rubber material needed to be separated. As the DST specimens 

make use of the pre-existing bonding effect between the steel shims and the rubber 

material, the aspect dimensions of the rubber cubes depend on the thickness of the rubber 

layers. Also, the total length of each cut included an even number of the rubber cubes so 

that the DST specimens could be tested symmetrically.  Another way of stating this was 

that a single DST test measures the shear stiffness of two rubber cubes located 

symmetrically about the centerline of the bearing strip.  Therefore the measurement taken 

in a single test gives the average stiffness at the two edges of the bearing strip.     
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DST Specimens Fabrication 

The convenience of the specimen fabrication process is one of the major advantages 

of the DST methodology. As most material tests on the bearings require tremendous effort 

in fabricating the specimens, the detailed investigations in the material inside the bearings 

are almost impossible to be carried out in industry. Also, the previous methods to obtain 

specimens directly from the bearings are too complicated to be repeated by later engineers 

and researchers. As a result, the knowledge about the bearings’ material properties 

influenced by the manufacturing process is extremely limited. 

The fabrication process is illustrated in this chapter for future bearing researchers 

and designers to apply the DST method in their research. The fabrication aims at less 

distribution on the pre-existing stress status between the steel and the rubber layers. The 

whole specimen fabrication procedure would include three main steps: 

a). Bearing cutting;  

b). Rubber strips acquirement;  

c). DST specimen progressive preparation during the testing process. 

The bearing cutting process is depicted in Figure 5.15. The saw blade cuts across 

the bearing from one edge to another. Due to limitations in the saw size, except for the 

small bearing, all the cuts on the other bearings were made across the width (smaller 

bearing dimension). The distance between every two cuts equal the length of the rubber 

cube’s side. In the end, the bearing dissection slices a full sized bearing into groups of 

rubber strips as shown in Figure 5.16. 
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Figure 5.16. Beairng cutting process 

In Figure 5.16, two cutting methods are shown. Most small size bearings can be cut 

either by band saw or vertical saw shown in the picture on the left.  The researchers could 

not locate a saw large enough to dissect the extra-large bearing.  Instead a water jet cutting 

technique was applied through a commercial machine shop. The bearing generally 

produces an even number of the rubber strips shown in Figure 5.17. Each bearing strip 

includes the steel shims as well as rubber layers, which will generate DST specimens after 

being separated. 

 

Figure 5.17. Aquirement of the rubber strips (eg. small bearing) 

The DST specimens are finialized by separating the steel shims and the rubber 

shown in Figure 5.18. The cut was made througthout the bearing strips. The rubber layers 



146 

 

which are attached with two steel shims were reserved as DST specimens. An assumption 

that is made in this process is that the cutting method does not significantly affect the 

original stress statues between the rubber and steel within the bearing.  This was deemed a 

reasonable assumption by the researchers because the original bond between the rubber 

layer and the steel shim is maintained and due to the much larger stiffness in the steel shim 

compared to the rubber.   

            

Figure 5.18. Separasion of the rubber strips (eg. Extra-large bearing) 

As noted earlier, because of the special cutting method, not all the rubber cubes can 

be tested at every section. With the help of the symmetric cutting design, the untestable 

rubber layers from one part of the bearing can be tested at a symmetric location within the 

bearing. This testing methodology is also important for the acquisition of the material 

property over the whole layers of the rubber. Details of this testing strategy are shown in 

Figure 5.19 and Figure 5.20, the rubber strips that are separated come from two sections of 

the large bearing. Since there are five inner layers of the bearing, each strip can produce as 

many as three DST specimens. Figure 5.19 depicts this symmetric testing method through 

an example of the large bearing. The picture on the left is a typical section of the large 

elastomeric bearing containing several rubber strips. The large bearing contains 18 rubber 

strips in total which are labeled along the longitudinal direction. Therefore, Strips No.1 and 
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No.9 are symmetric to No.18 and No.10 near the centerline. Since No.1 and No.9 each 

produces three DST specimens, the other two strips will provide the data on the rest of the 

rubber layers. With this testing method, all the five internal rubber layers can finally be 

tested. 

 

Figure 5.19. Symmetric DST method over the layers 

The symmetric testing method utilized on the rubber layers essentially increases the 

efficiency of the DST progress. Furthermore, the hardness test results indicated that the 

symmetric features of the shear modulus over the thickness is more obvious for the thicker 

bearings. Similar testing strategies through the thickness can also be applied to the bearings 

with large thickness. Therefore, this testing method is recommended for the extra-large 

bearing with larger thickness values than normal elastomeric bearings. 

The following picture (Figure 5.20) shows the application of the symmetric DST 

method on part of the section through the thickness of the extra-large bearing. Since the 
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bearing had 12 layers, it is convenient to carry out this method. As is shown, different strips 

of the DST specimens are specified by the dashed box with different colors. The specimens 

inside the same colored dashed boxes are considered to have similar shear moduli values. 

The rubber layers (called DST strips) that are labeled will produce specimens. Hence the 

other rubber layers next to these DST strips cannot be tested. Nevertheless, these untestible 

layers will be covered by their equivalent representitives at the other side of the centerline. 

As a result of this symmetric strategy,  shear modulus on all the layers through the thickness 

can be obtained by testing only half numbers of the rubber layers. 

 

Figure 5.20. Symmetric DST method over the thickness 

When the first group of DST specimens were obtained, the other specimens were 

progressively fabricated by cutting the rubber cubes at both ends after being tested. The 

final fabrication step of these specimens are shown in Figure 5.21. The picture on the left 

shows a group of newly fabricated DST specimens. The picture on the right shows the 

rubber cubes cut off the specimens after they are tested in DST. During the fabrication 

process DST specimens with different lengths were produced. DST specimens with 

different lengths during the preparation process for the shear test are shown in Figure 5.22. 
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Figure 5.21. Preparing DST specimens from bearing strips 

In the following pictures, the rubber strips are marked every 2” along the 

longitudinal direction. With this test method, the 10-inch long DST specimen in the picture 

is able to produce five pairs of shear modulus. As the test continues, the specimen is 

shortened until the last two rubber cubes are left with the steel shims. 

 

 

 

 

Figure 5.22. Typical DST specimens under different shear test steps 
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After being tested, the two rubber cubes are cut off the strip to generate grip/pull 

plates for the next test.  Similar cuts were made to release another two rubber cubes at both 

ends of the strip. Obviously, the specimen is therefore shortened as more rubber cubes are 

tested. With the DST method, an entire layer of elastomer can be tested continuously and 

efficiently. By making use of the steel shims and bonding effect inside the bearing, the pre-

existing stress was properly conserved. As noted earlier, the shear property represented the 

average of the two blocks at the end of the strip. As a result, the material properties inside 

the bearing were acquired from the edge to the center consecutively. This is a significant 

contribution to the investigating techniques of finished bearings. The evaluation process of 

the variability of the material property inside bearings, due to their aging and vulcanization 

process, can be significantly accelerated. 

Before the shear stiffness test, the rubber block at each end was cut off so as to 

leave a steel shim length available for the grips. As the test progressed, the specimen 

produced data from the two rubber blocks at both ends. After the outer two blocks are 

tested and then removed, the two adjacent blocks will be tested. In this way, a full strip of 

the bearing specimen is progressively tested. 

5.3.2. Test Procedure 

The test procedure for the material study was standardized based on the research in 

Chapter 3. For all the tests in this section, dual shear test method were adopted. The shear 

test was conducted in an MTS test machine as shown in Figure 5.23. The loading rate was 

maintained at 0.05 shear strain per second. Similar to traditional quad shear testing 

methodology from ASTM 4014, each DST specimen was subjected to six loading cycles 

until the loading curves were firmly repeatable. 

The maximum loading strain was 50%, which is considered large enough to reflect 

the variation of shear modulus. Some of the rubber cubes were stretched to higher shear 

strain to investigate the shear behavior under extreme loading condition. The shear 

modulus calculation “method 2” in Chapter 3 was utilized. This method, as is discussed 
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previously, can reflect the average shear stiffness of the material even under higher shear 

strain.  

            
Figure 5.23. Shear modulus test on specimens with different lengths 

A typical dual shear test is shown in Figure 5.23. The pictures illustrate the 

installations of DST specimens of 8 inches and 18 inches length. The experimental study 

in Chapter 3 shows that only a small amount of plane deformation will happen to the DST 

specimens with soft material, which cannot cause significant inaccuracy of the test results. 

The steel stiffeners were clamped along the specimen to reduce any potential factors that 

would cause accuracy issue for DST.  

Except for the basic testing setup, specimen installation, and the loading control, 

the effort to reduce the negative factors from specimen fabrication error also plays an 

important role in the testing procedure. In the progressive preparation method of the DST 

specimen, the dimensions of each rubber cube (shown in Figure 5.24) can be determined 

after the cuts are made at the ends. Also, the thickness T of the layers varies a bit from the 

designed thickness from the manufacturers. Therefore, an unavoidable fabrication error of 
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DST specimens will exist; however this also provides a good measure of the actual 

behavior within the bearing.  

 

 

Figure 5.24. Tested rubber cube in DST specimen 

During the test with the MTS machine, the loading procedure was controlled by 

setting the relative displacement (Unit: inch) of the grips and the loading rate (Unit: 

inch/second). In order to reduce negative effects from the fabrication and error on the shear 

modulus calculation, the loading procedure of each DST test was slightly adjusted based 

on the specific dimensions of the rubber cubes due to the fabrication error. Normally, the 

fabrication error is within 5% difference off the desired dimensions.  

In the following formulas, the final shear moduli value G depends on the length and 

width of the rubber cubes. The maximum relative displacement )max( D , which is 

associated with the maximum shear strain, is affected by the thickness value of the rubber 

cube. The loading rate is also controlled by the thickness. According to the findings in 

Chapter 4, the loading rate and the maximum shear strain also influence the final results of 

the shear moduli. Thus, the thickness also needs to be taken into account when setting the 

loading procedure even though it doesn’t show up in the calculation formula of the G. 
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𝐹1——shear force at 20% shear strain on the sixth extension cycle (Unit: pound);  

𝐹2——shear force at 40% shear strain on the sixth extension cycle (Unit: pound); 

G——shear moduli (Unit: psi); 

L——length of the rubber cube (Unit: inch); 

W——width of the rubber cube (Unit: inch); 

T——thickness of the rubber cube (Unit: inch); 

D——relative displacement of the hydraulic grips (Unit: inch); 

S——Loading rate of the MTS machine (Unit: inch/second); 

In summary, the three dimensions of each cube should be measured and 

documented before the shear test. With the adjustment of the loading procedure according 

to the rubber cube’s specific dimensions that potentially affect shear modulus, the 

inaccuracy due to the specimens’ fabrication error can be reduced.  

5.3.3. Test Results and Discussion 

Results of the material property variation are shown and discussed in this section. 

The shear modulus was utilized to evaluate the material property. The shear modulus 

values were calculated based on the slope between points of 0.2 shear strain and 0.4 shear 

strain at the sixth extension curve. Though this method produces a slightly lower value 

compared to the conventional calculation approach, it is considered as more conservative 

and representative of the shear stiffness at larger shear deformation.  Since the behavior of 

interest is typically the shear deformations that may occur over an annual thermal cycle, 

the behavior at larger shear strains are more than likely of interest in understanding the 

bearing behavior.   
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Since the shear tests were conducted symmetrically according to the centerlines of 

the bearing, the test results on one quarter of each layer will hence suffice to show the shear 

moduli over the whole layer. These two quarters of rubber layers are depicted in Figure 

5.24. The width and the length of each square equals to half of the total width and the total 

length of the bearing. Typical results of the DST on the bearing with different dimensions 

are shown in Figure 5.25 through the contours of the shear moduli over the surface and the 

central rubber layers. Each figure represents one quarter of the whole rubber layer between 

the steel shims. The surface layer is depicted by the green region in Figure 5.25. While the 

central layer is depicted as the yellow region. 

 

Figure 5.25. Region of the rubber layers to be investigated 
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Surface Layer                                                         Central Layer 

I) Shear modulus variation contour on two layers inside the small bearing 

                        
Surface Layer                                                         Central Layer 

II) Shear modulus variation contour on seven layers inside the medium bearing  

Figure 5.26 continued next page 
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Surface Layer                                                         Central Layer 

III) Shear modulus variation contour on five layers inside the large bearing  

Figure 5.26. Shear modulus results of bearings with different dimensions (Unit: psi) 

The test results from the small, medium, and large bearings clearly demonstrate a 

variation of the shear modulus inside the newly produced elastomeric bearings. However, 

the variation conditions were different among the bearings with different dimensions. For 

instance, the variation within the small bearing was not as apparent as the other bigger and 

thicker bearings. 

Higher shear moduli were measured at the bearing’s virtual center, which is close 

to the area in the center of the middle layer. This validates the previous conclusion that 

higher hardness values were recorded at the center of the bearing.  On the other hand, there 

is no significant variability of the shear modulus evident on the surface layer. Therefore, it 

can be concluded that the typical material property distribution can only be found in the 

central rubber layer or the rubber strips obtained along the centerlines. As for the newly 
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produced elastomeric bearing, when it is closer to the central region of the bearing, the 

material becomes stiffer. When the bearings are sheared and compressed cyclically due to 

the thermal or vehicle movement, stiffer regions within the bearings would be exposed to 

higher stress due to the compatibility of the deformation inside the bearing. Therefore, 

damage such as fracture and delamination may happen to the internal material, which is 

difficult to be noticed from the exterior during field inspection. As a result, knowledge 

about the material variation especially for large bearings can be significant.  

As for thick bearings, the contour on the sections through the thickness can better 

illustrate the variation across different rubber layers. The two sections selected are shown 

in Figure 5.27. One section is located at the edge close to the surface to investigate the test 

results in the outer material of the bearing. The other one is at the section along the 

centerline, which will reflect the shear modulus in the center. 

 

Figure 5.27. Two sections on the elastomeric bearing 

The moduli variation contour at two sections from the extra-large bearing is 

presented as follows. Since the rubber material through the thickness is tested 

symmetrically, only six out of a total twelve layers are shown. Hence, the total thickness 

is 3 after removing the steel shims. The width of the figure is half of the bearing’s total 

width. In each figure, the top and the right edge locates within the centerline. 
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Section at the transversal edge 

 

Section at the transversal centerline 

Figure 5.28. Shear modulus contour on two sections inside the extra-large bearing (Unit: 

psi) 

With the shear modulus contours on the two sections of the extra-large bearing, the 

variation on the central section is more evident than that on the edge section. The shear 

moduli are distributed evenly at the section on the edge though some locations are shown 

slightly higher than average. Whereas on the section along the centerline, the moduli 

become higher when it comes closer to the central rubber layer (top of the figure). The 
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contour lines at the center are almost parallel to the rubber layers.  However, these lines 

adapt themselves according to the outer edge, which specified that the moduli tend to stay 

constant at the surface. According to the bearing manufacturer, the shear modulus of the 

bearing should be 109 psi (50 IRHD). Normally this value comes from the material test 

with the specimens molded for the conventional QST. However, test results from the 

specimen fabricated directly from the bearing products indicate that the shear moduli 

especially from the exterior material are slightly lower compared to manufacturers’ 

reported values. This phenomenon further verifies the conclusion that material from 

molded specimens for material test cannot properly represent the material from the 

bearings. 

Considering the shear modulus variation inside the various bearings are different, 

characterizing this variation is important to understand the relation between the bearings’ 

dimensions and their internal material property variation. As for each kind of bearing, the 

shear modulus results from the surface and the center need to be investigated. The shear 

modulus variation at the edge sections and at the central sections is plotted in the following 

figures for comparison. Locations of these sections within the bearings are depicted in 

Figure 5.28. 

The average and standard deviation of the shear moduli on both sections from 

different bearings are shown in Figure 5.29 and Figure 5.30. The average values reflect the 

general shear stiffness of the rubber material. The standard deviation is utilized to evaluate 

the variability of the shear modulus over the selected section. Among all the bearings, the 

average values from the central regions are higher than those from the outer regions. 

Although the average shear moduli on the surface of different bearing are very close to 

each other, the internal values can vary significantly. Considering the small bearing, the 

average value difference is not that significant between the interior and exterior. However, 

this difference is very obvious for the medium, large, and extra-large bearings. 

Furthermore, the difference of the shear moduli from edge to center in the medium and the 

extra-large bearing are relatively larger than the others.  
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Figure 5.29. Average shear moduli from different bearings (unit: psi) 

 

Figure 5.30. Standard deviation of the shear moduli from different bearings (unit: psi) 

The variation of the shear modulus within different bearings tends to have similar 

features to the averaged test results. The variation inside the smallest bearing is less obvious 
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than the other bearings while the variation on the surface are virtually the same. The 

variation on the central sections within the medium and the extra-large bearings are more 

apparent. Investigation of the material properties indicate that the dimensions of the 

bearings have nothing to do with the material property at the region that is close to the 

surface. The outer material is considered to be more affected by the molding and 

conditioning environment during the manufacture. However, the internal material property 

is associated with the dimensions of the bearing. The medium and the extra-large bearings 

with larger thickness have higher shear moduli and more obvious variation compared to 

the other thinner bearing. Therefore, it is the thickness of the bearing rather than the length 

or width that determines the internal material properties. As a result, higher shear modulus 

and variability can exist inside the bearings with more rubber layers or larger total 

thickness. This phenomenon is likely a result of the uneven vulcanization during the curing 

process. The thermal conductivity of the rubber material is only 0.1% of the steel. Thus the 

heat transfer rate within the bearing is limited to a small value by the rubber material. As 

it takes much longer for the heat to transfer upon the surface within the thicker bearings, 

the internal rubber will be constantly cured under high temperature even when the surface 

is being cooled down. Since this uneven curing result is not noticeable and almost 

unavoidable based on the current manufacturing techniques, new material testing 

methodology in this dissertation is recommended in the evaluation of this negative effect 

as quality control.  

Table 5.3. Summary of the shear testing results from bearings  

Shear modulus/psi 
Small bearing 

(9”X18”X1.67”) 

Medium bearing 

(14”X27”X5.21”) 

Large bearing 

(36”X23”X3.97”) 

Extra-large Bearing 

(36”X48”X8.31”) 

Minimum 83.73 80.64 86.84 87.30 

Maximum 107.17 115.48 117.54 125.6 

Average 93.98 96.83 97.51 95.04 

Standard deviation 5.26 7.95 5.36 8.14 
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The shear test results from the bearings are summarized in Table 5.3. The values 

are calculated from all the material tests of the bearing. These data also demonstrate that 

the shear modulus variation is more obvious for the thicker bearings.  

As a substantial supportive part of the parent research project, this material study 

provides data for the documentation of the elastomeric bridge bearings. These profiles are 

referred to as main data source for the input information for parametric finite element 

models. As the material study went into detail, the analysis and simulation would be better 

representing the real capacity of the bearings. This is important for the estimation of the 

potential capacity of the elastomeric bearings for higher demand of shear, compression, 

and rotation on long-span steel girder systems.  

With the results from the hardness test and shear modulus tests, the relation between 

the hardness and the shear modulus can be further investigated. Hardness tests in this 

material study includes hardness values from 44 IRHD to 55 IRHD. In Figure 5.31 the test 

data with corresponsive hardness and shear modulus values are plotted as a scatter diagram. 

The graphs show that the node with the higher hardness has higher shear stiffness. As more 

data points are graphed, the relation becomes more obvious as linearity.  

Previous study on the stiffness of the rubber with different hardness generalized the 

equation to represent this relation. The elastomer material has Poisson’s ratio very close to 

0.5 due to the material’s incompressibility. Since𝐺 = 𝐸0/3, a relation between the shear 

modulus G and the hardness HS is constructed. As previous research specified, the relation 

between these two kinds of material property can be virtually simulated by a formula as 

follows: 

G = E/3 =
15.75 + 2.15 HS

3(100 − HS)
 

In this equation:  

HS----Hardness value of the material  

G---- Shear modulus from the initial part of the shear curve 

The shear modulus function of the hardness is graphed in the figure. Only a few 

data points fall on the curve, nevertheless, the curve from the function can virtually 



163 

 

represent the general tendency of the test data. Although, this function can roughly describe 

the relation between the hardness and the shear modulus value, the hardness tests cannot 

replace the shear modulus when evaluating an elastomeric bearing. NCHRP 596 (2008) 

also plotted the shear modulus as a function of hardness to figure out the trend of the shear 

modulus for hard elastomer. 

 

Figure 5.31. Hardness vs. Shear modulus 

5.4.  Chapter Summary 

Potential material property variation inside the bearing has been of great interest 

for researchers and designers due to the lack of proper and efficient investigation 

methodology in the past. Based on the demonstrated performance of a new bearing testing 

methodology, the desired knowledge of the internal material property variation was finally 

obtained. This chapter primarily illustrated the practice of this new testing methodology -- 

dual shear test (DST) on the steel reinforced elastomeric bearings with four different 

dimensions. A preliminary hardness test was conducted before the shear test across the 

bearings. The hardness test demonstrated a hardness variation inside the bearings. Bearings 
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with larger dimensions, especially larger thickness tends to have evident variation. 

Furthermore, variation across the centerline inside the bearing is more significant than that 

on the surface or the edge of the bearing. The hardness variation over the bearing is 

virtually symmetric about the centerlines: longitudinally, transversely, or vertically. This 

indicated that the shear stiffness distribution inside the bearings also has similar symmetric 

feature.  

The procedure of DST on the full sized bearings was illustrated by showing the 

bearing cutting method and specimen progressive preparation. The process of the DST 

specimen acquirement demonstrated the advantage of this testing methodology over the 

traditional shear test methods in the testing efficiency. With DST method and the 

assumption of symmetry of properties throughout the bearing, a measure of the shear 

modulus of the elastomer were acquired on every rubber layer inside all the bearings. The 

shear test results are visualized by plotting the contour on the rubber layers and internals 

sections. The findings from results can be summarized as three main aspects:  

 Shear modulus variation exists inside newly manufactured elastomeric bearings. 

Shear moduli of the exterior elastomer are slightly lower than the interior elastomer. 

Highest shear modulus values tend to appear within the central rubber layer.  

 The thickness of the bearing plays an important role in the condition of the material 

property variation. The shear modulus variation inside the thicker bearings is more 

obvious than thinner bearings. Conversely, bearings with larger width and length 

values do not always induce larger variation condition of the material property.  

 The variation feature of shear moduli is similar to that of the hardness inside the 

bearings. The variation of the material properties at the exterior is not as well 

defined as the variation inside the bearings.  

Furthermore, systematic study on the relation between the shear moduli and 

hardness shows that the hardness values can reflect the shear stiffness of the material as 

well. However this exact relation from different rubber material cannot be accurately 

quantified and is still being investigated by researchers. Nevertheless, the test results in this 
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dissertation illustrated a proportional relation between the hardness and shear modulus. 

Therefore, it is concluded that the hardness is a good indication of the shear stiffness. Also 

during the material evaluation of the full sized bearings, if the shear modulus variation is 

not convenient to carry out, the hardness variation test based on durometer readings is a 

good choice to figure out the material property variation condition. 

This chapter brings attention to the improvement of the quality control and 

evaluation of the new elastomeric bearings. The research findings here indicated the 

necessity of filing detailed ‘material property documents’ of the elastomeric bearings from 

the bearing manufacturers. In these documents, the variation of the significant material 

properties such as shear modulus and hardness are suggested to be included as extra quality 

evaluations of the newly produced elastomeric bearings. Also, these documents can be 

updated with the data obtained from old bearings as consideration of the aging effect. With 

these documents as the main data source for the input information of finite element 

analysis, the bearing designers and researchers would be able to better understand the 

bearings’ performance in service.  
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6. DST with the Consideration of Temperature Effects 

6.1.  Overview 

The impact of temperature on the material properties has an impact on bridge 

bearings due the relatively wide swing of the environmental conditions in bridge systems. 

Extensive experimental research has been conducted to determine the performance of 

elastomeric bridge bearings at cold temperatures. However, low temperature tests on the 

full-size bearings are generally too complex to be carried out with extensive testing.  One 

of the reasons that makes these tests difficult is that the elastomer material is a poor heat 

conductor and its stiffness-related material properties are very sensitive to temperature 

change. Previous study (Yura, 2001) have demonstrated the stiffening effects of polymer 

materials under low temperatures. However, most low temperature testing results are 

difficult to directly compare due to their different testing procedures or conditions as well 

as variability in the elastomer materials.  

This chapter focuses on the series of low temperature shear tests that were carried 

out on 50IRHD neoprene compound material. The relation between the material’s shear 

stiffness and the temperature were investigated and generalized for future design and 

analysis of the bearings under low temperature. With the low temperature test results, the 

property variation within full-size elastomeric bearings due to the temperature change can 

be predicted through thermal response analyses. Thus, the behavior of the full-size bearings 

under low temperatures can be characterized by updating the material properties in the 

finite element models, instead of testing the whole bearings in a temperature chamber. 
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6.2.  Shear Test under Low Temperature 

Changes of the shear stiffness in the bearings will result in changes in the 

mechanical response of the bearing. For example, when a bearing is sheared to a certain 

strain state, the deformation condition can change substantially due to the change of the 

stiffness. When the bearing is exposed to low temperature, the shear strain will decrease to 

maintain the same shear stress status within the bearing. When the static frictional force 

cannot maintain the same shear strain under high shear stress, slipping will happen. A 

major issue with slipping as a result of the cyclic temperature changes is the process of 

‘walking’ movements that occur over time.  Walking of the bearing is the process in which 

the bearing and substructure and superstructure elements experience relative movements.  

Over time the bearing can displace enough and potentially lead to damage in the sub- or 

super-structure elements.   

Although possessing a good level of understanding in the shear behavior of the 

material under varying temperature is important for designers to assure satisfactory 

performance of the bearing and structure, there is little information in the literature focused 

on the shear stiffness under low temperature. Though it is known that the stiffness of rubber 

material can be sensitive to temperature changes, the mechanical behavior of the steel-

shimmed elastomeric bearings requires additional investigation. The purpose of the tests 

in this study was to obtain a measure of the shear modulus of the specific elastomer material 

under variable temperatures.  The tests outlined in Chapter 5 focused on the behavior at 

around 21℃.   

From a behavior perspective, cyclic temperature fluctuations in the bridge can 

occur in two general categories: 1) short term or 2) long term.  A short-term temperature 

change in the bridge behavior can be represented as a daily temperature cycle as the sun 

rises and warms the bridge environment followed by cooling in the night time hours.  A 

long-term temperature fluctuation can be represented as the annual thermal cycle as season 

changes in the weather lead to potential significant changes in the ambient temperature of 
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the bridge environment.  The annual temperature fluctuation will include several daily 

thermal cycles; however the more significant change will be in the average daily 

temperature that the bridge experiences.  While the ambient temperature conditions will 

depend on the bridge location, the behavior in Austin, Texas will be selected as an example 

in this discussion.  The temperature data in Austin, TX is also convenient since the field 

study portion of this research project included a bridge in this location.  These temperature 

data were averaged from the official temperature records from 1983 to 2013. The average 

temperature change over one year is depicted in Figure 6.1. Though the average daily 

temperature change in Austin is relatively constant at approximately 10℃, the high and low 

temperatures over an annual thermal cycle vary significantly.  

 

Figure 6.1. Annual average temperature data in Austin Texas 

6.2.1. Test Methodology 

The DST methodology that was outlined earlier in this dissertation was applied in 

the low temperature tests. The specimens were obtained from the elastomeric bearing made 

of 50 IHRD rubber material using the same methodology presented in Chapter 5. In order 

to better guarantee the consistency of the test specimens in hardness, all the DST specimens 
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were selected from the middle inner rubber layers where the hardness is close to 50 IRHD. 

The geometry of the specimen in the low temperature tests is shown in Figure 6.2.   

 

Figure 6.2. Geometry of the specimen for low temperature test (unit: inch) 

6.2.1.1. Test Setup  

The low temperature tests were conducted with dual shear test specimens in a 

closed environmental chamber. The test setup is shown in Figure 6.3 and consists of a 

hydraulic MTS testing machine with a cold temperature environmental chamber. Liquid 

nitrogen was used to lower the temperature inside the chamber. An MTS temperature 

control system is used to monitor and control the amount and speed of the nitrogen in the 

chamber.  Thermocouples inside the chamber were monitored throughout the test to obtain 

a good measure of the ambient temperature of the chamber.   

 

Figure 6.3. Low temperature testing setup 
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Compared to the hydraulic grip of the normal MTS machine, the researchers were 

concerned that the pinned connected grips inside the chamber might induce different 

boundary conditions of the shear test compared to the room temperature (21℃) tests 

outlined in Chapter 5.  Preliminary tests were therefore carried out at 21℃ prior to the cold 

temperature tests so that appropriate modifications could be made if necessary.   

In Figure 6.4, small clamps were fabricated and added to the setup so that the 

specimen could be gripped in the testing machine similar to the “room temperature” tests. 

The clamps are strong enough to attach the specimen with the grips inside the cold 

chamber. Therefore, the bending effects were limited by the clamps, which created similar 

boundary conditions between the Chapter 5 tests and the cold temperature tests.   

 

Figure 6.4. Installation of the specimen inside the chamber 
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Figure 6.5. Comparison of DST results from different setups under room temperature  

(FSEL: MTS hydraulic test machine in Ferguson structural engineering lab.  

ECJ: Low temperature testing machine in building ECJ) 

Several DST specimens using the gripping method shown in Figure 6.4 were 

conducted under room temperature. The testing procedure is the same as that which was 

discussed in previous chapters. The test results from the low temperature testing setup and 

the room testing setup are compared in Figure 6.5. The stabilized shear curves are very 

close to each other. Therefore, the gripping method with clamps in the cold temperature 

tests was deemed similar to the room temperature tests.   

6.2.1.2. Temperature Conditioning Technique 

Previous low temperature research (Schallamach, A. 1941) demonstrated that 

rubber is a poor thermal conductor.  Compared to materials that are good thermal 

conductors, such as steel, rubber takes much longer to change in temperature. Therefore, 

accurate control of the temperature inside the rubber material during temperature tests is 

very important to guarantee meaningful and accurate test results. However, it is difficult to 
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monitor the temperature inside the elastomer while keeping the specimen’s mechanical 

behavior undisturbed. There is very little literature concerning the techniques to maintain 

temperature equilibrium during a test especially for a shear test in a closed chamber. 

Because no extra thermal couple can be installed inside the sealed chamber or inserted into 

the specimen to monitor the inner temperature during a test, a special temperature 

monitoring technique was utilized in these tests that included results from finite element 

(FEA) simulations. As is subsequently discussed later in this section, preliminary 

experimental validation of the FEA modeling was carried out to ensure suitability in the 

accuracy in the analysis due to the importance of this step with regard to the accuracy of 

the final testing procedure.       

A thermal analysis of a DST specimen was first carried out with finite element 

simulations. These simulations were aimed at providing detailed temperature distributions 

in the specimen in the low-temperature environmental chambers prior to the 

commencement of the shear tests. The variation of the temperature contour inside the 

specimen provided an indication of time for thermal equilibrium.  The term “thermal 

equilibrium” is used in this description; however as is explained below, some practical 

limits were established so that the tests could be carried out with reasonable limits on the 

time to reach the necessary specimen temperature. Based upon the FEA simulation results, 

estimates of the necessary time to reach suitable thermal equilibrium (±0.1% variation of 

the chamber temperature) were determined by the thermal analytical results. 

The FEA models were created based on the dimension of the specimen. The thermal 

properties such as specific heat and thermal conductivity of the rubber and the steel material 

were input individually according to the database from previous research from 

Schallamach (1941) and Marquardt (2002). The thermal conductivity of the rubber material 

goes down as the temperature goes up. Thus, it is relatively faster to cool down the rubber 

material than to heat it up. In summary, it is essential that the variation of the properties 

due to the temperature be considered in a thermal analysis.  
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The finite element model that was constructed in ANSYS 15.0 for the transient 

thermal analysis is shown in Figure 6.6. The model was comprised of solid 185 elements. 

There were two layers of elements in the steel shims and five layers of elements in the 

rubber blocks. The aspect ratio of each element was maintained to be to unity during the 

meshing process. In the analysis, the temperature of the model was set to be the 

approximate room temperature (21℃) as the initial thermal condition. To simulate the 

conditioning process, the curing temperature was applied on the surface of the specimen. 

During the simulation, the change of the highest temperature of the specimen reflected the 

thermal response of the rubber material. Since the rubber’s capacity of heat transmission is 

much lower than that of the steel, the highest temperature tended to occur in the central 

part of the rubber cubes. 

 

 

Figure 6.6. Finite element model of DST specimen for thermal analysis 

The results from a transient thermal analysis provide a prediction of the temperature 

distribution inside the DST specimen during the cooling process as well as the time 

necessary for the specimen to cool down. Two groups of typical numerical results are 

shown in Figure 6.7 and Figure 6.8 These pictures illustrate the variation of the temperature 

contour during the cooling process from 24℃ decreased to 10℃ and to -20℃ accordingly.  
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Figure 6.7. Temperature contour inside DST specimen at specific time (From 24℃ to 10℃) 
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Figure 6.8. Temperature contour inside DST specimen at specific time  

(From 24℃ to -20℃) 

The cooling process inside the specimen is visible in the contours from the 

computational results shown above. As expected, the temperature of the steel decreased 

quickly when the specimen was exposed to the low temperature. The time to thermal 

equilibrium in the steel shims was generally less than two minutes.  

Ideally, when the temperature inside the elastomer stabilized to the conditioning 

temperature, the specimen can be deemed to have reached thermal equilibrium and the 

shear test under this specific temperature could begin.  However, with chamber 
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temperatures as low as -20℃ it would take an extremely long (and impractical) time for the 

specimen to cool down to the curing temperature. When the lowest temperature in the 

central part of the specimen is very close to the temperature, as shown in the last picture in 

Figure 6.8, it would take the specimen several hours to decrease by 0.001℃. As a result, 

when the lowest temperature inside the specimen dropped to within ±0.1% variation of the 

curing temperature, the specimen was considered ready for the shear test to begin under 

the conditioning temperature. 

More detailed thermal analysis results based on the time history are summarized 

and shown in Figure 6.9. Thermal equilibrium is originally defined as a phenomenon when 

the highest temperature of specimen is equal to the curing temperature during the cooling 

process. As a result, the evaluation of the maximum temperature of the specimen is 

necessary for the determination of the thermal equilibrium moment.  

 

Figure 6.9. Maximum temperature change of the specimen over time history 

The highest temperatures throughout the specimen during the cooling process under 

different chamber temperatures were compared in the graph shown above. The slope of the 
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initial part of the curves demonstrates that the temperature of the elastomer material 

decreases faster under lower curing temperature. However, as might be expected, it took 

more time for the specimen to reach thermal equilibrium under lower temperatures. The 

blue curve reflects the point where the temperature of the specimen reaches within 0.1% 

variation of the curing temperature. This curve shows how the required time to suitable 

equilibrium varies under a range of different low temperatures. The conditioning process 

is necessary for low temperature tests. Especially when the temperatures are lower than the 

freezing temperature of water, longer curing times are required. Accurate prediction of the 

curing time can improve the reliability of the testing results and avoid over-curing the 

material.  

Thermal analyses are recommended to estimate the curing time for specimens with 

different geometries under different curing temperatures due to its convenience. However, 

since the estimation of the thermal equilibrium of the whole DST specimen strongly 

depends on the computer simulation, extra verifications from experiment are necessary to 

determine the proper temperature settling time prior to the shear tests. An experimental 

investigation was carried out to verify the reliability of the thermal estimation. In this 

experiment, the same DST specimen was monitored by a thermal couple inserted inside 

the rubber material.  

As is shown in Figure 6.10, a T-type thermal couple was utilized to monitor the 

internal temperature of the rubber under temperature-change tests. This type of thermal 

couple is made especially for monitoring low-temperature changes. One end of the thermal 

couple was inserted into small hole that was drilled into the middle of the elastomeric 

blocks of the specimen. The other end was connected to the Campbell Scientific 21X data 

logger, which is able to record the temperature change as a function of time.  
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Figure 6.10. DST specimen with thermal coupler connected with the monitoring system 

The DST specimen was conditioned under specific temperatures with a thermal 

couple inside a chamber. The temperature inside the chamber was maintained at 3℃ as 

indicated by a thermal coupler measure of the ambient temperature within the chamber. 

Two groups of typical monitoring results are shown in Figure 6.13. These two pictures 

show the temperature change from the experimental study as well as the temperature 

change from the finite element simulation.  
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Figure 6.11. Experimental data and the finite element analytical results (24℃ to 3℃) 

As shown in Figure 6.11, the thermal analysis had good agreement with the 

experimental results.  While minor differences between the experimental data and the finite 

element results did exist, these relatively small differences can be explained. First, the 

volumetric difference of the elastomer blocks exists between the real specimen and the FE 

model due to potential fabrication errors in specimen. Different volumes of the elastomer 

will induce different sensitivities to the temperature change. Secondly, the roughness of 

the elastomeric cubes’ surface is not considered in the finite element model. While there 

were small differences between the measured and FEA predicted behavior, these 

differences were deemed small, and the FEA predictions provide a good estimate of the 

time to reach suitable thermal equilibrium prior to starting the tests.  The time required for 

the conditioning calculated by FEA is shown in Table 6.1. 
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Table 6.1. Curing time for DST specimen (2”×2” ×0.5”) for low temperature test 

Centigrade 

(℃) 

Fahrenheit 

(℉) 

Conditioning 

time 

(Second)  

21 70 1698 

15 60 1746 

10 50 1798 

5 40 1829 

0 32 1958 

-5 23 2164 

-10 14 2528 

-15 5 2932 

-21 -4 3690 

6.2.2.  Test Procedure 

In the low temperature tests, the double shear testing methodology discussed in 

Chapter 3 was utilized.  Thus, aside from the steps to account for temperature effects 

outlined in this section, all procedures of the dual shear tests outlined earlier were followed.   

Prior to testing, the chamber was cooled to the desired temperature using liquid nitrogen.  

After the chamber reached the desired testing temperature, the specimens was placed inside 

the chamber and cured under the testing temperature as shown in Figure 6.12. When the 

curing time reached the pre-determined time from the FEA studies, the specimen was 

installed into the gripping system. The testing began once the temperature inside the 

chamber stabilized to the desired testing temperature.  It should be noted that specimens 

that were to be tested at the same test temperature were stored in the chamber as others 

were being tested.  Therefore the “curing time” for the specimens all exceeded the 

minimum time determined from the FEA simulations.  
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Figure 6.12. Specimens being cured at the testing temperature 

Cyclic loading in the low temperature tests was applied in the same manner as 

previously outlined with properties determined after the behavior stabilized.  The control 

mode on the test machine during the test was set to displacement control.  

The low temperature shear tests are susceptible to many of the same factors that 

affect the shear tests under room temperature. These factors include the maximum loading 

strain, the loading rate, and the shear modulus calculation method. In order to have the 

testing results comparable to those results from the room temperature tests, the same testing 

procedure and calculation method was applied to the low temperature test in this material 

study.  

In the low temperature tests, the loading rate was maintained as 0.05 shear 

strain/second and the maximum loading strain was 0.5 shear strain for the investigation of 

the shear modulus. In the low temperature test setup, the data acquisition system also 

controls the loading procedure. The graphical user interface (GUI) of the loading control 

software is shown in Figure 6.13. The relative displacement and the ramp rate respectively 

control the maximum loading strain and the loading rate. 
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Figure 6.13. Loading control system for DST under low temperature 

The number of loading cycles that are needed to have repeatable shear curves was 

investigated at the outset of the testing program with some preliminary tests.  In the 

investigation, all the specimens under different temperatures were subjected to twenty 

loading and unloading cycles. Research results indicated that the shear curves could 

become stabilized and repeatable after six cycles, which is similar to the shear tests under 

room temperature. Instantaneous low temperature effect on elastomer material has been of 

great research interest. This instantaneous low temperature effect is defined as the effect 

that will not cause crystallization to happen within the material. Previous investigations 

reported in NCHRP 449 (2000) and AASHTO M251 specified the test procedure and the 

shear modulus calculation methods based upon instantaneous low temperature test on full 

size bearings. However, both the calculation and the test method are different than those 

under room temperatures, which makes the low temperature test results difficult to directly 
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compare to the results under room temperature. Furthermore, the procedure for the material 

shear test under low temperature is not well addressed.  As a result, the procedure used for 

the shear tests that are outlined in this chapter maintained the same test procedure as well 

as the calculation method developed in Chapter 3.   

6.2.3.  Test Results and Discussion 

The instantaneous low temperature shear tests are supposed to measure the shear 

modulus as soon as the temperature within the test sample at the desired temperature level. 

After the required conditioning time for the thermal equilibrium is fulfilled, the shear tests 

were conducted according to the same testing procedures outlined in Chapters 3 and 5 for 

the room temperature tests.  Therefore, these shear tests at lower temperatures provide a 

direct indication on the effect of specimen temperature effects on the behavior.  

The freezing point of water (0℃) has been defined as the division of the regular and 

the low temperatures. Previous studies such as NCHRP449 have focused on the 

temperatures below freezing. However, comparative studies on the transitional behavior at 

a wide range of temperatures between room temperature (21℃) and below freezing have 

not been well studied in the past.  Therefore, the comparative study of a wide range of 

temperatures were emphasized in this section with values ranging from 21℃ to -21℃.   

Shear tests at temperatures around the freezing point of water (0℃) were 

systematically conducted. As is shown in Figure 6.14, the DST results under room 

temperature and the freezing temperature are compared. These tests were conducted on the 

same specimen with different maximum shear strains ranging from 50% to 200%. The 

stabilized extension shear curves under freezing temperature demonstrate a relatively 

higher slope than that under room temperature. The shear curves under freezing also show 

the features of nonlinearity and stiffness hardening; however, the hardening phenomenon 

is much more evident under freezing than under room temperature. Thus the shear stiffness 

of the elastomeric bearing under low temperature can increase more evidently. Also, 

especially for the bearings under cold temperature, the shear stiffness calculated under 
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smaller shear strain (50%) is not able to reflect the shear stiffness under high strain. The 

shear modulus and the maximum shear stress for the curves under both temperatures are 

plotted in Figure 6.15 and Figure 6.16.  

 

               (a) Maximum shear strain: 0.5                   (b) Maximum shear strain:1   

 

 

               (c) Maximum shear strain:1.5                   (d) Maximum shear strain:2  

Figure 6.14. Low temperature effect on the test results under different maximum shear 

strains 
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Similar to the shear test under room temperature, the shear modulus should be 

compared only at the same strain level. As for the low temperature test, the shear moduli 

under different temperatures are also calculated based on the same calculation method 

(Method B in Chapter 3). In Figure 6.15, for both of the tests under different temperatures, 

the shear modulus decreased as the maximum shear strain increases. Compared to the room 

temperature tests, the shear modulus of the specimen tested at freezing point experienced 

a much larger decrease in the stiffness with a stiffness reduction with higher shear strains.  

Therefore, a constant maximum shear strain level in a shear test is significant to produce 

comparative shear modulus among different tests. In this section, the 0.5 maximum shear 

strain is adopted in the shear tests under other different low temperatures since this is a 

common design value.  

 

Figure 6.15. Shear modulus VS strains             Figure 6.16. Shear stress VS strains 

Another issue that should be noted in Figure 6.15 is that the shear modulus 

difference between the tests at 21℃ and 0℃ gets smaller as the maximum shear strain 

increases. However, the shear modulus does not provide a good representation of the 

significant stiffness hardening under high strain. Therefore, the smaller shear stiffness 

difference does not indicate that the elastomeric bearings’ shear stiffness at 0℃ is close to 
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that at 21℃. To consider the detailed nonlinear variation of the shear modulus over a wider 

range of strain, the adjustment of the hyper-elastic material model is required. 

The impact of the change in shear modulus is very important with regard to 

predicting the behavior of the bridge bearing behavior during an annual thermal cycle.  The 

girders will expand and contract based on the effective coefficient of thermal 

expansion/contraction for the bridge system as well as the thermal condition throughout an 

annual thermal cycle.  The goal of the bearing is to allow the bridge to “breath” thermally 

relative to the substructure elements.  If the bearing is not able to fully accommodate the 

necessary expansion or contraction of the bridge at a specific support, the bearing will slip 

relative to the girder or pier when the shear force developed in the bearing overcomes the 

maximum static friction force. An expression for the coefficient of friction is given by the 

equation 








 






A

A

C

S
 

Where:  

 ---- Friction coefficient, 

S ---- Shear force taken by the bearing, 

C ---- Compression force taken by the bearing, 

A ---- Area of the bearing attached to the bridge girder, 

 ---- Shear stress within the bearing, 

 ---- Compressive stress within the bearing. 

When the ratio of the shear force to the compressive force becomes larger than the 

minimum friction coefficient  of either the girder or substructure, the bearing will slip at 

the corresponding surface.  The actual shear stress that develops in the bearing is a function 

of the shear stiffness of the bearing.  Because the stiffness of the bearing changes as a 

function of the temperature, the potential for slipping of the bearing is heavily dependent 

on the shear strain demand and the corresponding temperature.  Therefore, the maximum 

shear stress values under varying temperature conditions are directly associated with the 
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estimation of slippage.  Because the bearing material becomes stiffer at lower temperatures, 

slipping is most likely to occur under cold weather conditions.  To view this another way, 

under the hypothetical condition of a fixed shear strain, the shear stress in the bearing 

increases as the temperature drops due to the stiffening effects in the elastomer.    

Previous studies (NCHRP 449, 2001) included full-scale low temperature shear 

tests and demonstrated the slipping of the bearings due to stiffening in the elastomer.  The 

resistance to slipping in the bearing was limited by the magnitude of maximum shear force 

that could be experienced by the bearings without bonded sole plates. The study 

demonstrated that slip happens during cyclic thermal movement of the bridge, and over 

time the walking phenomenon will occur. In such a case, the bearing will be displaced over 

time leading to poor support condition for the bridge structure. In addition, slip may lead 

to abrasion and deterioration of the bearings, as well as other serviceability concerns.  

Figure 6.16 shows the progressive increase of the shear stress under low 

temperatures.  This verified the conclusions of the previous research that the slip is prone 

to happen to the bearing under low temperature. The low temperature material tests make 

it possible to evaluate and predict the slip of the bearing by the calculation of the shear 

force at the top and bottom surface of the bearing.  

To better assist the material test to help evaluate the performance, especially the 

slip of elastomeric bearings without bonded sole plates under low temperature, the shear 

strain range of the test should cover the strains when the potential slip occurs. Similar to 

the shear tests at room temperature, the shear stress corresponding to the lower shear strain 

can be underestimated by the shear curve with a very high maximum strain. Therefore, the 

evaluation of the slip based on the shear curve over very large strain range is conservative. 

Previous large scale slip tests (NCHRP 449, 2001) under cold temperatures concluded that 

most bearings start slipping when they experience approximately 30% shear strain. As a 

result, the shear curve covering 50% shear strain would be adequate to include the shear 

stain values that cause slip issue. 
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The shear test results below freezing are shown in Figure 6.17 under temperatures 

ranging from 21℃ to -20℃. These tests under a wider range of temperatures were carried 

out to gain and understanding of the relationship between the material properties and the 

temperature and improve the understanding of the long-term behavior of the bearings in 

service.   

  

DST result under 10℃                                     DST result under 0℃ 

 

                      DST result under -10℃                                      DST result under -20℃       

Figure 6.17 Dual shear test under different temperatures 
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In the plots shown in Figure 6.17, the nonlinear features of the shear curves are not 

very apparent. The shear stress at the 50% shear strain increases as the temperature drops. 

The figures below demonstrate that the shear curves can become repeatable and stabilized 

after the sixth loading cycle. Therefore, it is concluded that the low temperature does not 

significantly affect the stability of the hysteresis curves of the elastomer materials. 

Under a comparison of the DST results under different temperatures, the shear 

moduli as well as the shear stress at different shear strain levels are of interest. The 

variability of the shear modulus under different temperatures provides fundamental input 

information for finite element analyses of the elastomeric bearing’s behavior under variable 

temperatures. In addition, the maximum shear stress, serves as a reference for the 

estimation of the likelihood of slipping in the bearing. The sixth stabilized shear curves 

selected from the DST results under different temperatures are plotted in Figure 6.18. The 

graph shows the difference of the shear loops as a function of the test temperature. Each 

loop contains the loading and unloading curves. The shear modulus values are determined 

by the loading curve.  

It is evident that the slope of the loading curves increase as the temperature gets 

lower. The shear curves for cases above freezing (0℃) are very close to each other, 

especially the unloading curve. However, the shear curves below freezing have more 

significant differences compared to the other curves.  Both the loading and unloading 

curves are significantly displaced from the curves above freezing.  Therefore, the freezing 

point virtually demarcates the two features of the elastomer’s shear behaviors. The shear 

modulus calculated based on these different curves from different temperatures are shown 

in Figure 6.20. 
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Figure 6.18. Stabilized loading cycle from DST results under different temperatures 

Previous slip tests from Yura’s research group in 2001 conducted with full-size 

elastomeric bearings under low temperatures specified that most slips initiate before the 

bearings reached 30% shear strain. As mentioned previously, the shear stress of the 

bearings is one of the significant factors that determinates the beginning of slippage. In this 

dissertation, the shear stress under 30% and 50% shear strain under different temperatures 

are both investigated. In Figure 6.19, the shear stress curves under two different 

temperatures have similar patterns. Both of the curves change substantially around 0℃. 

Below 0℃, the shear stress developed in the elastomer increases as the temperature drops, 

which demonstrates the increased possibility of slipping under lower temperatures. On the 

contrary, the shear stress 0℃ and 21℃ does not vary significantly.  

To better evaluate the likelihood of slipping of the bearing, the compressive stress 

and the friction coefficients both need to know for the specific temperature.  Since the 

material is chosen during the design of the elastomeric bearing, the compressive stress can 
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be decided by the allowable compressive strain and the shape factors. Therefore, with the 

help of a chart similar to Figure 6.21, which is constructed based on the low temperature 

material test results, the likelihood of slip in the elastomeric bearings can be evaluated 

relatively accurately. The shear strain as well as the temperature when slip is likely to 

happen can both be predicted.  

 

Figure 6.19. Shear stress under the interested shear strains from different temperatures 

The behavior of the elastomeric bearings under low temperatures depends on the 

properties of the elastomer under the corresponding range of temperatures. NCHRP 449 

(2001) systematically carried out the low temperature shear tests of full size elastomeric 

bearings under different temperatures. The temperature-shear modulus response for 

instantaneous thermal stiffening was demonstrated for the elastomeric bearings made of 

four different kinds of rubber. Although the full scale tests only covered a few temperatures 

below freezing, the test results still provide a good reference as the verification of the 

material tests in this dissertation. In Figure 6.20, the test results from the previous full scale 

tests are also plotted together with the DST results. 
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The low temperature effects on the elastomer material properties is emphasized in 

the 1983 British standard. The following equation is suggested to express the increase in 

stiffness of the elastomer under cold temperatures below freezing: 

25
1

T

G

G

r

T                                                                                                   [Eq.6.1] 

TG  ---- Elastomer’s shear modulus under the temperature T  

rG  ---- Elastomer’s shear modulus under room temperature (21℃) 

T ---- Temperature below freezing in centigrade (unit: ℃) 

 

Figure 6.20. Comparison of the shear modulus under different temperatures 

Previous research (NCHRP 449, 2001) concluded that this equation can be used to 

estimate the instantaneous stiffening effect of the elastomer under 0 ℃. In this dissertation, 

this formula compared with the results of the previous full scale low temperature tests and 

the material DST results. For comparison purposes, results between the past full scale 

bearing tests from NCHRP449, the DSC material tests, and Eq. 6.1 are graphed as a 

function of the test temperature in Figure 6.20. The predictions from Eq. 6.1 are only 

graphed up to 0℃ since that is the region for which that the expression was developed.  The 

curve from the full scale low temperature tests are obtained by linearly plotting the 

available results under 20℃, -10℃, -20℃, and -30℃. From the comparison of the different 
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results, the full scale test results are larger than the results either from the equation or from 

the material DST.  

The DST results above freezing do not express an evident stiffening effect due to 

the decreasing of the temperature. However, the shear modulus under 0℃ varies 

significantly.  The DST material results have reasonable agreement with Eq. 6.1.  This 

finding agrees with the previous research conclusions that the British standard equation 

can be a good reference for the instantaneous stiffening of the neoprene compound 

material.  

A normalized shear modulus ratio was obtained by dividing the shear moduli under 

temperature T by the value obtained at room temperature and are summarized in Table 6.2. 

The comparison of the test results is summarized in Table 6.3. The normalized shear 

modulus helps to demonstrate the stiffening effect under low temperature. In the table 

below, the difference is further investigated to evaluate the different low temperature test 

methodology.  

Table 6.2. Summary of the test results 

Centigrade 

(℃) 

Fahrenheit 

(℉) 

Shear 

Modulus from 

Tests (psi)  

Normalized 

Shear Modulus 

Ratio 

21 70 96 1.00 

15 60 97 1.01 

10 50 99 1.03 

5 40 103 1.07 

0 32 110 1.15 

-5 23 122 1.27 

-10 14 138 1.44 

-15 5 142 1.48 

-21 -6 153 1.59 
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Table 6.3. Comparison of the normalized shear modulus 

Centigrade 

(℃) 

Fahrenheit 

(℉) 
Equation DST  Full scale  

          

DST     

Equation 

         DST     

Full Scale 

-5 23 1.2 1.27 NA 1.06 NA 

-10 14 1.4 1.44 1.56 1.03 0.92 

-15 5 1.6 1.48 NA 0.92 NA 

-21 -6 1.8 1.59 1.6 0.89 0.99 

Since the full scale tests of the elastomeric bearing under low temperatures are 

extremely time and effort consuming, the test results from previous research are very 

limited. In Table 6.3, only the results from the -10 and -20 are available for the comparative 

study. The ratio of the DST results to the equation result further verifies that the DST results 

under low temperature are very close to the calculation results of the equation.  

Though previous researchers indicated that it is unrealistic to suggest equations to 

predict the low-temperature stiffening, the equation from the British standard has 

reasonable agreement with the test results and can provide a good estimate of the stiffening 

effect of the elastomer under instantaneous temperature decrease. Nevertheless, this 

equation is not applicable for the estimation of the shear modulus above the freezing point. 

However, since the variation of the shear modulus above the freezing point is very small, 

the shear stiffness can approximately be considered equal to the value measured at 0℃. 

 

Figure 6.21. Approximate model curve of the shear modulus according to the temperatures 

Low temperature DST results demonstrated that the shear modulus changes were 

very small above 0℃ and the pattern of the variation below 0℃ was relatively linear. To 
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obtain the shear stiffness under temperatures not covered in the tests, a model curve 

constructed based on the pattern of the variation is necessary. The curve shown in Figure 

6.21 approximately reflects the feature of the variation of the shear modulus over the 

temperatures across the freezing point. As the material property is strongly associated with 

the shear modulus, the mechanical behavior of the material under different temperatures 

can be therefore estimated from the modelling curve. With the help of this curve in Figure 

6.23, the material property variation inside the full size elastomeric bearings due to the 

temperature change can be predicted. Therefore, the low temperature performance of any 

full size elastomeric bearings made of similar material can be simulated.  

In the bearing industry, the shear stiffness has typically been used to ensure quality 

of the products. The current performance criterion in AASHTO requires that the shear 

modulus under low temperature is required to be less than 4 times the room temperature 

value in order to limit the magnitude of the shear force ( 4
r

T

G

G
). Also, the elastomer with 

a specified shear modulus greater than 175 psi is prohibited by AASHTO due to reduced 

ductility at rupture and greater stiffness and greater creep than their softer counterparts. 

According to these requirements, the material results in this dissertation show that the 

bearing products meet the requirement of the current system. However the current 

AASHTO does not specify requirements to limit slip under low temperature. In cold 

temperatures, without proper consideration during testing, the shear force can easily 

surpass the static friction force resulting in slip. The issues with slip can be worse when 

the bearings are applied to long-span steel girders that have larger cyclic thermal 

movement. Thus, the low temperature performance criterion in AASHTO should be 

adjusted to reflect the relation between the shear stiffening effect and the propensity to slip.  
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6.3.  Interpretation of the Temperature Effect on the Material Property 

Considering the importance of the deformational requirements for bearings that are 

highly dependent on the expansion/contraction of bridge systems due to thermal changes, 

the interpretation of the material properties under different temperatures is extremely 

important. The material models that can properly fit the shear curve from low temperature 

tests are considered to be able to reflect the temperature effect on the elastomer’s 

mechanical property. However, it is difficult to pair each individual temperature with a 

specific shear curve. Therefore, the material models under some specific temperatures need 

to be generated approximately to reflect the material property under that temperature. 

The goal of this section is to identify the material models that can reflect the low 

temperature stiffening effect on the elastomer. At the same time, the material models 

should be recognized by the commercial finite element software. However, most of the 

material models cannot be adjusted directly based on the variation of the shear modulus. 

Furthermore, the current hyper-elastic models that are based on the strain density function 

cannot yield any parameters that depend on the temperature. Hence, the options of the 

material models can be extremely limited.  

Among all the prevalent hyper-elastic material models, the Neo-Hookean (NH) 

model (  10

1

1

1

2)(2 c
I

WI

I

WW



 


















 ) can be a good option to simulate the low 

temperature stiffening effect because the parameter is equal to the half of the shear 

modulus. As is shown in the equations, the only parameter 10c  in the NH model is 

determined by the shear modulus (  102 cG  ).  

When the shear modulus is available, the corresponding NH model can be 

developed. The NH models are plotted with the 6th extension curves under selected 

temperatures below freezing.  Figure 6.22 shows that the curve fitting quality is not ideal 

along the full range of tests, but does have reasonable agreement with the tests data and 

can reflect the variation of the shear modulus due to the temperature change. The 
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comparison of the test data and the material model indicates that the NH models are 

conservative. The parametric finite element analysis of the bearings based on this material 

model will yield conservative results relative to stress values. Therefore, the NH material 

model can provide a reasonable means of estimating the bearings’ performance under low 

temperatures.  

 

Figure 6.22. Test results and corresponsive NH models under different temperatures  

With the help of the shear modulus curve (shown in Figure 6.21), the NH model 

can be updated to reflect the shear stiffening effect under any low temperatures. Therefore, 

the material property variation inside the full size elastomeric bearings can be estimated 

after a preliminary thermal analysis. The bearings’ performance and capacity under 

different temperatures can be further investigated even before they reach thermal 

equilibrium. As a result, the material tests in this dissertation can provide significant 

information for the bearing manufacturers and bridge designers to improve the safety of 

the bearing in service under low temperature. 
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6.4.  Chapter Summary 

This chapter primarily focuses on the application of the DST method in the 

instantaneous low temperature tests and the interpretation of the tests results. In order to 

help future researchers successfully repeat this low temperature test, the test procedures 

especially the determination of the conditioning time under different temperatures were 

illustrated in detail. As the thermal coupler cannot be inserted into the sealed cold chamber, 

the moment when the specimen reaches the thermal equilibrium was estimated by the 

thermal analysis. This method is suggested to calculate conditioning time in future low 

temperature experiments. 

The test results showed the evident shear stiffening effect below freezing. The shear 

modulus below -20℃ can be increased up to 1.5 times higher than those under room 

temperatures. However, this stiffening effect is not obvious above freezing. According to 

the test result, a model curve was proposed to predict the shear stiffness under different 

temperatures. With the help of the model curve, the variation of the shear modulus inside 

a full size elastomeric bearing will be known through the thermal analysis. Furthermore, 

the mechanical behavior of the bearing under different temperatures can be simulated using 

the finite element method. The parameter of the Neo-Hookean model is directly related to 

the shear stiffness, therefore it can be easily updated to reflect the temperature effect. The 

chapter also emphasized that this model will yield a conservative interpretation of the test 

data comparing to other material models.  

Evaluation of the low temperature effect on the elastomer material was also 

discussed in this chapter. An energy related method is proposed to better distinguish the 

behavior of the elastomer under different temperatures. Also, though all the test results in 

this dissertation met the requirement of AASHTO, serious slippage of the bearing is prone 

to happen under low temperatures and therefore induce a poor supporting system. Thus, 

current AASHTO requirements, which merely focus on mitigating the shear stiffening 

effect under low temperatures, is considered limited.  

 



199 

 

7. Conclusions and future work 

7.1.  Conclusions 

Extending the use of elastomeric bearings to higher demand applications requires a 

significant increase in the knowledge base on the bearing behavior in these higher demand 

situations.  With this basic objective, a research investigation was carried out that included 

field monitoring, material testing, full scale laboratory testing, and parametric finite 

element analysis.  Each of these different research methods plays an important role in the 

development of guidelines for the proper design of bearings for higher demand 

applications.  The focus of the research outlined in this dissertation was on the material 

tests to obtain a measure of the variation of material properties throughout different size 

bearings.  One of the major concerns with moving towards larger bearings is variability in 

the properties as the vulcanizing temperatures in the larger bearings will have much larger 

gradients compared to conventional sized bearings.   

In an effort to obtain a good measure of variations in the material properties 

throughout the bearings, a new testing methodology was developed and outlined in this 

dissertation.  The new methodology is referred to as the dual shear test (DST) and provides 

a relatively simple method to obtain detailed measurements of the variation in properties 

throughout the bearing.  Using the DST method, a detailed testing program was carried out 

to measure the variability in material properties as a function of the geometry of the 

bearings.  Another parameter that was carefully considered in the testing program was the 

impact of temperature changes on the stiffness of the elastomers so that the propensity of 

bearing slip can be properly considered in the design process.  The systematic material 

studies that were carried out and documented in this dissertation provide important 

information for input into the computational simulations that were also being conducted as 

part of the parent research study.  Collectively, the different components of the study 

provide valuable input that is necessary in the development of a comprehensive design 
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methodology for higher demand applications in elastomeric bearings for bridge systems. 

The following subsections provide a summary of the work conducted and appropriate 

conclusions that can be drawn.  In addition, recommendations for future work are also 

provided.   

7.1.1. Shear Test Methodology 

A new shear test methodology (Dual Shear Test) was introduced and evaluated in 

the material study. This methodology is proposed based on the other widely accepted test 

method Quadruple Shear Test (QST) in ASTM. However, compared to other conventional 

shear test methods, the Dual Shear Test has proved to tremendously enhance the efficiency 

of specimen fabrication and the testing process. Furthermore, this new test method makes 

it possible to progressively conduct shear tests with specimens obtained directly from the 

elastomeric bearings without disturbing the pre-existing bond and stress status between the 

steel shims and the rubber. In this way, the material test results provide a better measure of 

the material properties in the bearings.  

The accuracy of the Dual Shear Test (DST) was further demonstrated through a 

comparative experimental investigation with conventional test methods. The impact of 

loading rate, maximum shear strain, and the calculation methods for the shear stiffness 

were evaluated in a comparison with the DST method and the traditional Quad Shear Test 

(QST) that has traditionally been used in material tests for rubber. Similar to the evaluation 

of the traditional shear test, to ensure accuracy in DST results, the test procedure associated 

with consistent loading rate as well as maximum shear strain was evaluated, and guidelines 

were established prior to the commencement of the materials testing program.  The 

calculation of the shear modulus was based on the slope between 0.2 and 0.4 shear strain 

since the preliminary test results demonstrated good reliability in the data within this range.   

A number of factors that might lead to inaccuracy of DST were also systematically 

studied. The conclusions based upon the preliminary studies was that the stiffness, the 

elastomer hardness, or specimens’ geometry do not significantly influence the DST results. 
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However, for specimens with relatively large dimensions, higher hardness, and tested 

under high shear strain, extra stiffening plates were recommended to guarantee the 

accuracy of the test results. Based upon the test results, the DST method provides an 

accurate method for carrying out shear tests on elastomers with hardness of both 50IRHD 

and 70IRHD, which cover the range of hardness values utilized in the bearing industry.  

7.1.2. Material Property Variation within Elastomeric Bearings 

A wide range of tests were carried out to measure the variations in the material 

properties of the elastomer throughout the bearings as a result of the manufacturing process 

in larger bearings.  The testing that was carried out to measure variations in the properties 

were carried out at 21℃ which is a typical value that could be designated as “room 

temperature” in most laboratory settings.  In addition the impact of low temperatures on 

the material stiffness was also measured in the test program. The following sections 

provide a summary of the basic findings from the different material tests. 

7.1.2.1. Variations in Material Properties Due to Manufacturing Effects 

A detailed overview of the recommended preparation procedures for the DST 

specimens was provided and the benefits of this newly developed method were discussed.  

The cutting procedures and the systematic testing techniques were demonstrated to provide 

an efficient method to measure the shear modulus on every rubber layer throughout the 

bearings. The DST results provided a measure of the shear stiffness of the elastomer 

throughout the bearings leading to the following conclusions:  

I). Shear moduli of the elastomer on the exterior regions of the bearing are slightly 

lower than the interior elastomer. The highest shear modulus values were generally found 

within the central rubber layer.  

II). The thickness of the bearing plays an important role in the material property 

variation. The shear modulus variation inside the thicker bearings is more significant than 
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thinner bearings. Conversely, bearings with larger width and length values do not always 

induce larger variations of the material property.  

III). The variations of the shear moduli was similar to that of the hardness. The 

variation at the outer material is not as significant as the variation inside the bearings. The 

detail variation feature among different bearings were summarized in Table 5.3.  

This material property variation inside new bearings is considered a result of the 

vulcanization and heat conditioning during the manufacturing process. Due to the low heat 

conductivity of the polymer material, the heat often accumulates unevenly within the 

bearing when the elastomer material is vulcanized. As for the bearings with larger 

thickness, it takes relatively longer for the heat to be transferred to the surface. Thus the 

interior material is cured under a different environment from the exterior. Based on the test 

results in this dissertation, hardness and other stiffness related material properties are 

assumed sensitive to the heat conditioning period. Therefore, the uneven conditioning 

quality likely induced the variability of the material properties within new bearings. 

7.1.2.2. Low Temperature Effect 

Low temperature effects on the variation of the material’s shear stiffness were 

systematically investigated. A closed chamber that could be cooled with liquid nitrogen 

was used to maintain consistent low temperatures. The thermal response analysis of the 

specimen was used to determine the conditioning time that was needed for the shear tests 

under different temperatures. The test results demonstrated that the shear stiffening effect 

is more evident below than above freezing. This feature motivated the proposal of a model 

curve shown in Figure 6.21, to linearly estimate the shear stiffness under different 

temperatures.  

Since the low temperature tests on full size bearing products are extremely effort-

consuming, the detailed evaluation of the bearings significantly depends on a proper 

analysis on the deformational demands on the bearing.  Due to the low conductivity of the 

rubber, it takes a long time for the bearings to reach thermal equilibrium especially for the 
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large bearings. Hence, the variation of the temperature inside the bearing determines a 

variation of the material property. The internal temperature variation can be acquired by 

the thermal response analysis. The material property under different thermal conditions are 

afterwards obtainable using a model curve proposed in this dissertation. In order to 

incorporate the material property under low temperature in the finite element study, the 

adjustment of the parameters of Neo-Hooken model is recommended. Therefore, the low 

temperature experimental study in this dissertation can supply significant parameters for 

FEA study of bearing products considering low temperature effect. 

Besides the supporting the future FEA study, detailed evaluation of the low 

temperature effect on the elastomer material was suggested in this chapter. An energy 

related method is proposed to better distinguish the behavior of the elastomer under 

different temperatures. The estimation of the bearing’s slippage under low temperature is 

recommended to be included in AASHTO to have more conservative evaluation results.  

7.1.3. Interpretation of the Shear Test Results   

One of the major goals for the material tests was to improve the understanding of 

the fundamental behavior of the elastomeric materials and to provide input for the material 

models that are used in the parametric finite element studies.  Therefore, the interpretation 

of the test data plays an extremely important role in the computational studies that are 

critical to developing a comprehensive design methodology.  Three widely used hyper-

elastic material models were deduced from the energy density function to construct the 

models suitable for the test results from the new Dual Shear Testing methodology. The 

Neo-Hookean, Mooney-Rivlin, and Yeoh models were investigated for interpreting the 

shear curves from the elastomers with different hardness and different maximum shear 

strain levels. Through the evaluation of the material models, conclusions can be 

summarized as follows: 

I). Considering elastomers at both the lower and higher ends of the spectrum of 

materials used in bridge bearings (50 IRHD to 70 IRHD), the shear test data under lower 
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shear strain and from softer elastomer material can generate Yeoh models that reflect those 

data more accurately than those under higher shear strain and from harder material;  

II). A comparison of the three different models, showed that the Yeoh model with 

3 or more coefficients can better reflect the material’s nonlinear behavior, especially the 

stiffness hardening phenomenon when the test data under large shear strain are available. 

However, when the data are only available under 50% shear strain, the Mooney-Rivlin 

model is also considered adequate to predict the curve under higher strain when the detail 

material nonlinearity is not of interest. 

The modeling study in the dissertation indicated that material models should always 

be constructed according to specific material and interested shear strain range. Given that 

the model can only reflect a certain range of the shear curves, the experiments should be 

adjusted to cover the interested strain values so as to generate the accurate material model 

for any future finite element studies.   

7.2.  Recommendation for future research 

The final section of this chapter focuses on recommendations for future research.  

The Dual Shear Test (DST) provided an excellent method for measuring the properties 

throughout a bearing.  While the methodology was only applied to new bearings, such an 

approach can provide very useful data in aging bearings to provide better knowledge on 

the changing properties in the elastomer over time.  While the fabrication method should 

not change significantly from what was used on the new bearings,  the procedure for 

bearing cutting, specimen preparation, and shear testing for old bearings should be 

finalized to obtain the material property variation due to the aging effect. This investigation 

will enrich bearing designers’ knowledge in the elastomeric bearings’ performance 

degradation and service life.  

As for newly manufactured bearings, this dissertation research indicated the 

necessity of evaluating the interior material property to guarantee the quality of the 
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production. This is particularly true for thicker bearings for which the research showed 

greater variability in the comparative properties between the edge and center of the bearing. 

Since this property variation is still unavoidable due to the current manufacturing 

techniques, it is strongly suggested for the producers to create detailed ‘material property 

documents’ of the elastomeric bearings. In these documents, the variation of the significant 

material properties such as shear modulus and hardness in the full size bearing samples are 

suggested to be included as extra quality evaluations. These documents are also expected 

to be updated with the data obtained from older bearings as consideration of the aging 

effect, and the data reflecting the property variation under different low temperatures. With 

these documents as the main data source for the input information of finite element 

analysis, the bearing designers and researchers will acquire a more comprehensive 

knowledge of the elastomeric bearings’ performance and capacity. 

Considering that conventional shear tests are still required and widely utilized 

according to ASTM D4014, some adjustment of the current testing procedure is 

recommended to enable bearing researchers and designers to incorporate more accurate 

material models in the parametric computational simulations. As investigating the capacity 

of the bearings under higher demand is necessary, the simulation of the elastomer material 

under corresponding higher shear strain has been of great interest. However, this 

dissertation demonstrated that material models constructed according to low strain level 

could not represent the material’s nonlinear behavior under higher strain. Therefore, shear 

tests should cover the shear strain no smaller than the interested strain range. The current 

official shear testing specifications such as ASTM D4014 only require 50% shear strain 

coverage for the simple shear test, which makes the test data less useful when the 

simulation of the shear strain surpass 50%. As a result, recommendations on the test 

procedure as well as the material models are summarized as follows: 

I). increase the shear test’s strain coverage to the interested maximum shear strain 

of the model. Utilize the 3-term Yeoh model to represent the shear curve in the finite 

element model;  
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II). the shear test should be carried out at consistent loading rate as well as fixed 

maximum shear strain. Steel stiffeners are recommended to strengthen the specimens of 

large dimensions; 

III). If the shear test under high shear strain is limited by the test setup, the Mooney-

Rivlin model is recommended to interpret the curve under higher shear strain that is not 

covered by the shear test. Under this condition, neither the high nonlinearity nor the shear 

stiffness hardening behavior can be reflected in the future parametric finite element 

simulation. Nevertheless, the model would suffice to assist normal design and analysis in 

the elastomeric bearing industry. 

Besides the recommendations on extending the usage of the new shear test 

methodology and adjusting the current conventional shear test methods, there is still some 

desired knowledge in this new test method. The investigation in the shear method’s 

application on elastomers with hardness below 50 IRHD or above 70 IRHD is anticipated. 

Also since most of the research was conducted through experimental work, more numerical 

study is expected to verify the reliability of Dual Shear Test methodology with specimens 

of various stiffness, hardness, and geometries.  

 

 

 

 

 

 

 

 

 

 

 

 



207 

 

References  

AASHTO. AASHTO M 251-Plain and Laminated Elastomeric Bridge Bearings. American 

Association of State Highway and Transportation Officials, Washington, D.C. 

AASHTO LRFD Bridge Design Specifications, Interim Revisions 

ASTM D4014. Plain and steel-laminated elastomeric bearings for bridges. American 

Society for Testing Materials, Philadelphia, PA 

E.I. DuPont de Nemours and Company (Inc.), Engineering Properties of Neoprene bridge 

Bearings, Chemicals department, Wilmington, Delaware, 1959, 26 

Stanton, J. F., and Lund, H. (2006). Effects of bulk compressibility on the response of 

elastomeric bearings. Journal of Structural Engineering, ASCE, Reston VA. 

A. R. Bhuiyan and Y.Okui, Mechanical Characterization of Laminated Rubber Bearings 

and Their Modeling Approach, Earthquake Engineering, 305-310 ISO 6446: 

1994(E): Rubber products-- Bridge bearings –Specification for rubber materials 

Stanton, J. F., and Roeder, C.W. (1982). NCHRP Report 248: Elastomeric Bearings 

Design, Construction, and Materials. TRB, National Research Council, 

Washington, D.C. 

Stanton, J. F., Roeder, C. W., and Helnwein, P. M. (2008). NCHRP Report 596: Rotation 

Limits for Elastomeric Bearings. TRB, National Research Council, Washington, 

D.C. 

Stanton, J. F., Roeder, C. W., and Campbell, T. I. (1999). NCHRP Report 432: High-Load 

Multi-Rotational Bridge Bearings. TRB, National Research Council, Washington, 

D.C. 

Yura, J., Kumar, A., Yakut, A., Topkaya, C., Becker, E., and Collingwood, J. (2001). 

NCHRP Report 449: Elastomeric Bridge Bearings: Recommended Test Methods. 

TRB, National Research Council, Washington, D.C. 



208 

 

G'sell, C., et al. (1983). "Application of the plane simple shear test for determination of the 

plastic behaviour of solid polymers at large strains." Journal of Materials Science 

18(3): 903-918. 

Nunes, L. C. S. (2011). "Mechanical characterization of hyper elastic polydimethylsiloxane 

by simple shear test." Materials Science and Engineering: A 528(3): 1799-1804. 

Bouvier, S., et al. (2006). "Simple shear tests: Experimental techniques and 

characterization of the plastic anisotropy of rolled sheets at large strains." Journal 

of Materials Processing Technology 172(1): 96-103. 

D.J. Charlton, J. Yang. A review of methods to characterize rubber elastic behavior for use 

in finite element analysis. Rubber Chemistry and Technology. Vol.67 

Mooney, M. (1940). "A theory of large elastic deformation." Journal of applied physics 

11(9): 582-592. 

Gent, A. N., et al. (2007). "Mechanics of rubber shear springs." International Journal of 

Non-Linear Mechanics 42(2): 241-249. 

Destrade, M., et al. (2012). "Simple shear is not so simple." International Journal of Non-

Linear Mechanics 47(2): 210-214. 

Liu, Y., et al. (1990). "Influence of shear strain, as a pre-deformation, on the subsequent 

mechanical properties of AK steel." Journal of Materials Processing Technology 

21(1): 51-63. 

Zillmann, B., et al. "Validation of Simple Shear Tests for Parameter Identification 

Considering the Evolution of Plastic Anisotropy." Tech. Mech 32 (2012): 622-630. 

Othman, A. B. (2001). "Property profile of a laminated rubber bearing." Polymer Testing 

20(2): 159-166. 

Nunes, L. C. S. and D. C. Moreira (2013). "Simple shear under large deformation: 

Experimental and theoretical analyses." European Journal of Mechanics - A/Solids 

42(0): 315-322. 

Itoh, Y. and H. Gu (2009). "Prediction of aging characteristics in natural rubber bearings 

used in bridges." Journal of Bridge Engineering 14(2): 122-128. 



209 

 

Hamaguchi, H., et al. (2009). "A study of aging effect on a rubber bearing after about 

twenty years in use." AIJ Journal of Technology and Design 15(30): 393-398. 

Long, J. E. (1974) Bearings in Structural Engineering, London 

Nagdi, K. (1993) Rubber as an Engineering Material: Guideline for Users, Hanser Gardner 

Publishers. 

Roeder, C. W., Stanton, J. F., and Taylor, A. W. (1987). NCHRP Report 298: Performance 

of Elastomeric Bearings. TRB, National Research Council, Washington, D.C. 

Roeder, C. W., J. F. Stanton, and T. Feller (1989) “Low Temperature Behavior and 

acceptance Criteria for Elastomeric Bridge Bearings.” NCHRP Report 325, 

Transportation Research Board, National Research Council, Washington, D.C., 69 

pp. 

Yakut, A. (2000) “Performance of Elastomeric Bridge Bearings at Low Temperatures,” 

Ph.D. dissertation, University of Texas, Austin. 

International Standard, Vulcanized Rubbers — Determination of Hardness (ISO 48), 

International Organization for Standardization, Geneva, 1994. 

Y.J. Arditzoglou, JA Yura and A.H. Haines, (1995). “RESEARCH REPORT 1304-2: Test 

method for elastomeric bearings on bridges” 1995 

Muscarella, J. V. and J. A. Yura (1995) “An Experimental Study of Elastomeric Bridge 

Bearings with Design Recommendations,” Research Report No. 1304-3, Center for 

Transportation Research, University of Texas, Austin, October, 180 pp 

Stanton, J. F., and Lund, H. (2006). Effects of bulk compressibility on the response of 

elastomeric bearings. Accepted for publication, Journal of Structural Engineering, 

ASCE, Reston VA. 

Kim, J, Lee, H,S , Kim, N, Determination of Shear and Bulk Moduli of Viscoelastic Solids 

from the Indirect Tension Creep Test. J. Eng. Mech. 2010.136:1067-1075. 

D. Tabor. The bulk modulus of rubber. Polymer Vol. 35 No. 13, 1994 

Kurt Miller, Testing Elastomers for Hyper elastic Material Models in Finite Element 

Analysis, Axel Products, Inc. 



210 

 

HUANG, J.-l., et al. (2008). "FEA of hyper elastic rubber material based on Mooney-Rivlin 

model and Yeoh model [J]." China Rubber Industry 8: 007. 

Yeoh, O. H. (1993) “Some Forms of the Strain Energy Function for Rubber.” Rubber 

Chemistry and Technology, Vol. 66, No. 5, Nov.–Dec., p. 754. 

Rivlin, R. S., 1948, "Some applications of elasticity theory to rubber engineering", 

in Collected Papers of R. S. Rivlin vol. 1 and 2, Springer, 1997. 

Selvadurai, A. P. S., 2006, "Deflections of a rubber membrane", Journal of the Mechanics 

and Physics of Solids, vol. 54, no. 6, pp. 1093-1119 

A.N. Gent, “Fracture mechanisms and mechanics,” Elastomer- FEA Forum’97, University 

of Akron. 

O.H. Yeoh, ”A practical guide to rubber constitutive models,” Elastomer-FEA Forum’97, 

University of Akron. 

Alan N. Gent, Engineering with Rubber (1992): How to Design Rubber Components, 

HanserGardner Publications, Inc, Cincinnati 

P.B. Lindley, Engineering design with natural rubber, in: Natural Rubber Technical 

Bulletins, MRPRA, UK, 1975. 

Schallamach, A. (1941). "The heat conductivity of rubber at low temperatures." 

Proceedings of the Physical Society 53(3): 214. 

Marquardt, E., et al. (2002). Cryogenic material properties database. Cryocoolers 11, 

Springer: 681-687. 

McDonald, J. (1999) “Slippage of Neoprene Bridge Bearings,” Master’s thesis, Louisiana 

State University 

Roeder, C. W., J. F. Stanton, and T. Feller. 1990. “Low Temperature Performance of 

Elastomers,” Journal of Cold Regions. American Society of Civil Engineers, New 

York, NY, Vol. 4, No. 3, 113–132. 

Yakut, Ahmet, and Joseph A. Yura. (2002) "Evaluation of low-temperature test methods 

for elastomeric bridge bearings." Journal of Bridge Engineering. 



211 

 

Clark, Earl V. and Moulrop, Kendall, Load-deformation Characteristics of Elastomeric 

bridge Bearing Pads, Highway Research Record #34, Highway Research Board, 

Washington, DC, 1963, PP.90-116 

S.L. Burtscher, A. Dorfmann. Compression and shear tests of anisotropic high damping 

rubber bearings. Engineering Structures. Vol. 26 (2004) 

White, Christopher J. (2006). Response of Elastomeric Bearings to Rotation. MSCE thesis. 

Dept. of Civil Eng., University of Washington, Seattle  

International Standard, Vulcanised Rubbers — Determination of Compression Set under 

Constant Deflection at Normal and High Temperatures (ISO 815), International 

Organization for Standardization, Geneva, 1991. 

Chen, Q. (2008). Effects of thermal loads on Texas steel bridges. ProQuest. 

 

 

 

 


