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Pot and disk bearings are typically used in high-demand bridge applications 

where significant demands are imposed on bearings at the supports to accommodate 

rotations and complex bridge movements from both environmental thermal loads and 

vehicular traffic. However, past bridge research, design, and installation experience 

demonstrates that less costly elastomeric bearings are not only easy to install, inspect, and 

replace, but also more forgiving of installation errors. The use of elastomeric bearings in 

high-demand applications results in much less structural restraint against bridge thermal 

deformation than other more sophisticated sliding bearings. Although past bridge design 

practice includes applications of elastomeric bearings in two steel trapezoidal box girder 

systems in Central Texas, the use of elastomeric bearings in high-demand application is 

nevertheless largely impeded by historical and current bearing design provisions at 

national and state levels that are unduly restrictive for large-sized elastomeric bearings as 

well as the scantiness of field, laboratory, and numerical investigations on them. 

This investigation reported in this dissertation is part of a research project 

including material study, full-scale testing, field monitoring, and finite-element studies, 
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with a focus primarily on finite-element studies of elastomeric bearings in comparison 

with laboratory and field measurements. A three-dimensional finite-element model 

capable of simulating the behavior of elastomeric bearings in full-scale compression, 

shear, and rotation testing was first developed and validated by experimental results from 

the full-scale testing. More comprehensive parametric finite-element studies of 

elastomeric layers under axial load and rotational deformation were then carried out 

leading to the development of a reliable elastomeric bearing design with improved 

economy and serviceability, based on total shear strain approach.  

 A three-dimensional finite-element study of a continuous curved steel 

trapezoidal box girder system (IH-35 NB & US-290 EB direct connector) was carried out 

to investigate the translational movements and rotations imposed on elastomeric bearings 

under thermal loads with 100-year return period, and validated by instrumentation 

measurements from field monitoring. Design suggestions were put forward with regard to 

determining demands on elastomeric bearing s under thermal loads in high-demand 

applications. 

A field investigation was finally carried out on elastomeric bearings on the 

instrumented bridge, two of which were found to be damaged to different extents. The 

results reveal that the two damaged bearings are subjected to excessive amount of 

transverse rotation. Further analyses by calculating the maximum shear strain of all 

bearings using the proposed design approach confirmed that the observed bearing 

damage is the direct result of the excessive transverse angle of inclination on the concrete 

bearing seat surface. 
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Chapter 1:  Introduction 

1.1 BRIDGE BEARINGS FOR HIGH DEMAND APPLICATIONS 

Bridge systems are typically divided into a superstructure, which consists of the 

girders, bridge deck and rail, and a substructure, which consists of the piers, abutments 

and other foundation elements. Bridge bearings generally serve as the critical link 

between the superstructure and the substructure. The key role of the bearing is to resist 

the girder reactions while also accommodating the necessary rotational and translational 

deformations that occur at the bridge support due to the applied loading or changes in the 

thermal conditions in the bridge environment. 

Steel girders are often used for moderate to long-span bridges. In many 

applications, steel girder systems are used in bridges with significant support skew and/or 

horizontally curved geometries. The relatively long spans coupled with potential support 

skew and curved geometry result in significant demands on the bearings at the supports to 

accommodate rotations and complex bridge movements from both environmental loads 

and daily truck traffic. Longer span applications also generally result in larger support 

reactions that the bearings must accommodate compared to the reactions in shorter 

concrete girder systems. 

Historically, many steel bridge systems have made use of pot bearings to 

accommodate the rotational and translational demands that occur from dead load and 

vehicular use as well as changes in the thermal conditions that the bridge experiences 

throughout its life. Pot bearings typically consist of an elastomer that is contained within 

a steel housing to accommodate girder rotations. The potted elastomer is typically 

fastened to the top of the pier and the top part of the bearing (that includes the sole plate) 
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is welded or fastened to the bottom of the girder. There are generally three types of pot 

bearings: 1) fixed bearing (translation is restrained in all directions), 2) unidirectional 

bearing (that includes lateral guides that allow translation in one direction), and 3) 

multidirectional bearings that allow the bearing to translate freely within the plane of the 

bearing/pier cap). For uni- and multi-directional bearings, a polytetrafluoroethylene 

(PTFE or Teflon) sliding surface is provided between the sole plate and the bottom of the 

bearing to minimize the frictional restraint. Figure 1.1 shows a guided pot bearing used 

on a steel bridge. While pot bearings are relatively expensive to fabricate, past studies 

sponsored by TxDOT (Chen 2008) have shown that these bearings may not perform well 

with regard to accommodating translations of the bridge superstructure relative to the 

substructure elements. Although the PTFE sliding surface does minimize the frictional 

restraint, the coefficient of friction is still approximately 5% and can lead to significant 

force for systems with large reactions. In addition, the materials as well as the sliding 

surfaces associated with other bearing types have proven to degrade with time and as a 

result frequent inspection and/or replacement may be required. 
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Figure 1.1: Guided Pot Bearing 

Elastomeric bearings that are commonly used in concrete bridge systems and steel 

I-girder systems potentially provide a more reliable means of accommodating translations 

with improved economy. Primary applications for the elastomeric bearings have 

historically been in short-to-medium span bridges with relatively moderate magnitudes of 

bridge reactions and deformational demands. There have been isolated applications in 

steel trapezoidal box girder systems. The only applications in steel trapezoidal box 

girders that the author is aware of are in Central Texas, in direct connectors between 

IH35 and US 290 in North Austin and direct connectors between IH35 and US 71 in 

South Austin. Due to the size of the bridges utilized in these direct connectors, these 

applications of elastomeric bearings can be categorized as “high-demand applications”. 

The bearings used for high-demand applications generally have larger vertical 

reactions and more significant translational and rotational demands compared to 

traditional applications that have predominately been on prestressed concrete girder 

systems. Most prestressed concrete girder systems have several girders across the width 

of the bridge and also have maximum spans less than 150 ft. In as such, the sizes of the 
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bearings used in traditional applications are much smaller than those that would be 

required in high-demand applications. For example, Figure 1.2 shows a traditional 

bearing that has been used in conventional applications alongside a much larger bearing 

that might be used in a high-demand application. The larger reaction in a high-demand 

application will often result in a larger plan area to reduce the compressive stresses in the 

bearing. In addition, the longer spans in high-demand applications often result in larger 

thermal and rotational movements, thereby requiring thicker bearings. 

 

 

Figure 1.2: A Typical Elastomeric Bearing and One for High-Demand Application 

Past bridge research, design, and installation experience also demonstrates that 

elastomeric bearings possess a number of remarkable advantages over other more 

complex bridge bearings such as pot bearings besides economic concerns (Bradberry et 

al. 2005). The use of elastomeric bearings in high-demand applications results in much 

less structural restraint against bridge thermal deformation than sliding bearings. 
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Elastomeric bearings can be easily installed, inspected, and replaced, and also provide 

better flexibility for accommodating tolerances in construction quality. 

1.2 RESEARCH PROJECT AND OBJECTIVES 

1.2.1 Motivation 

Although elastomeric bearings have been used in isolated high-demand 

applications in recent years, no published tests on large bearings have been conducted to 

demonstrate the ability of the bearings to accommodate both the service and long-term 

performance requirements. 

Moreover, manufacturing of larger elastomeric bearings is also challenging. The 

variation in the vulcanizing temperature during manufacturing, which is likely to occur 

with the larger bearings, may lead to significant changes in the fundamental material 

properties of the bearing. The impact of these variations on the bearing behavior is not 

clear. 

Another hindrance to the use of elastomeric bearings in high-demand applications 

is the long-standing methods of design in specifications that have imposed rotational 

limitations to avoid complete or partial lift-off. Such limitations complicate the design of 

large elastomeric bearings. Historical versions of AASHTO design specifications 

included a simplified design procedure (Method A) and a more complex design 

procedure B, both of which have included limitations on bearing lift-off. The recent study 

NCHRP 596 (Stanton et al. 2008) revealed that stress limit and provisions restricting lift-

off that previously governed the design of large bearings may in fact be unnecessary. 

That NCHRP work led to revisions to both the Method A and Method B design 

procedures in the AASHTO LRFD Bridge Design Specifications. However, the studies 
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have focused primarily on bearings for use in short-to-moderate span systems commonly 

used in traditional concrete girder bridge applications. Laboratory tests and finite-element 

studies on bearings covering dimensions representative of high-demand applications must 

be conducted before they can be used with confidence.  

1.2.2 TxDOT Research Project 

To address some of aforementioned concerns on larger bearings, Research project 

0-6785 was sponsored by the Texas Department of Transportation (TxDOT) aiming to 

extend the use of elastomeric bearings to high-demand applications. The goal of this 

project is to provide an in-depth understanding of the performance of elastomeric 

bearings in high-demand applications and will result in a reliable bearing design for 

widespread use in Texas bridges with improved economy and serviceability. 

This project consists of four major research tasks including material studies, full 

scale testing, field monitoring, and computational modeling and finite-element studies. 

While this dissertation research focuses primarily on the task of computational modeling 

and finite-element studies, each research task is also interrelated with others with regard 

to the fundamental behavior of elastomeric bearings. It is therefore imperative to give a 

brief introduction and summary about other research tasks before proceeding to the 

computational modeling and finite-element studies addressed in this dissertation research. 

The details of all research tasks are recorded in TxDOT Report 0-6785 (2015). 

Elastomeric bearings of four different sizes covering those used in conventional 

applications as well as larger geometries that are representative of high-demand applications 

were purchased for full-scale testing and material studies. Much of the experimental research 

work was, conducted at Ferguson Structural Engineering Laboratory of The University of 

Texas at Austin. The material study focused on measuring the material property variation 
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within the bearings as a function of the geometry. It was found that the magnitude of 

material property variation in larger bearings, though present and more prominent than in 

smaller bearings, should not be a concern for the designer and should not be a reason for 

disqualifying this bearing alternative (Sun 2015). 

Full-scale compression, shear, and rotational testing were conducted to determine 

the behavior of elastomeric bearings in wide ranges of stress and deformation about and 

beyond extreme service load levels. The tests demonstrate several failure modes that are 

likely to be encountered in engineering applications including local delamination, 

slipping, and buckling (Belivanis et al. 2015). The full scale testing measurements on all 

bearings are also used to validate the finite-element model in this research study, which is 

a major focus of the work presented in this dissertation. 

In addition to the experimental program, field monitoring was also carried out on 

larger bearings that were used in high-demand applications. As shown in Figure 1.3, the 

researchers chose the IH-35 NB & US-290 EB direct connector bridge in North Austin 

for field monitoring to measure the girder movements at the bearing locations throughout 

an annual thermal cycle. This bridge was one of the first instances that the author is 

aware of where the elastomeric bearings were used in a “high-demand application”. 

Although the majority of the bearings had behaved as expected the relatively short time 

since construction was completed in approximately 2001, some of the bearings are 

showing significant distress. Detailed information about the distressed bearings is given 

in Chapter 6. 
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Figure 1.3: IH-35 N & US-290 E direct connector 

The instrumented bridge consists of twin trapezoidal box girders forming the 

horizontally curved direct connector. Figure 1.4 presents the schematic diagram of the 

full instrumentation plan at each bridge support, where two electronic inclinometers and 

three string potentiometers were installed to measure the instantaneous bi-axial rotations 

and translations of two girders. Apart from the electronic instrumentation, a simple 

mechanical device referred to as a “wax trace box” (Chen 2008) was also installed for 

redundancy. 
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Figure 1.4: Typical Instrumentation at Each Support Location 

The results of the field monitoring facilitate an improved understanding of the 

demands on bridge bearings under investigation and also provide an important validation 

of the finite-element study on bridge response under thermal loads in Chapter 5. During 

the removal of the field instrumentation, a series of measurements of the static angle of 

rotation, each elastomeric bearing is subjected to, were taken and provided valuable 

information on the likely cause of bearing distress as reported in Chapter 6. 

1.2.3 Research Objectives 

This dissertation primarily documents the computational modeling and finite-

element studies, as part of the TxDOT 0-6785 research project that aims to extend the use 

of elastomeric bearings to high-demand applications. The specific research objectives of 

this dissertation research include: 

 Development of a three-dimensional finite-element model that is capable of 

simulating the behavior of elastomeric bearings under various modes of 
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deformation and suitable for parametric finite-element studies that account for 

effects of various factors 

 Development of a design recommendation for elastomeric bearings for high-

demand applications. 

 Investigation of demands on bridge bearings under thermal loads on the basis 

of numerical simulations and field measurements. 

 Investigation of the cause of bearing distress observed on IH-35 NB & US-

290 EB direct connector bridge 

1.3 DISSERTATION OUTLINE 

The dissertation is divided into seven chapters. Following this introductory 

chapter, an overview of the mechanics, properties, and failure modes of steel-reinforced 

elastomeric bearings and historical development of bearing design code provisions are 

provided in Chapter 2. This chapter also illustrates previous research efforts on analytical 

and numerical modeling on elastomeric units and bearings, as well as studies of steel 

trapezoidal box girder systems under thermal loads. 

In Chapter 3, a three-dimensional finite-element model that is capable of 

simulating the behavior of the elastomeric bearings in full-scale compression, shear and 

rotation testing is developed and validated by comparison with full-scale testing 

measurements. A comprehensive parametric finite-element study is described in Chapter 

4. The results from the parametric studies were used to develop and validate bearing 

design recommendations. 

In Chapter 5, results from a comprehensive finite-element study on the response 

of steel trapezoidal box girder systems under thermal loads are presented. The results are 

and examined in comparison with field measurements. A discussion on design demands 



 11 

on the bearings to better accommodate thermally-induced girder reaction for high-

demand application is provided. 

A summary of investigation of the damaged bearings used on IH-35 NB & US-

290 EB direct connector bridge is provided in Chapter 6. An explanation of the likely 

cause of the damage is given based on field measurements and calculations by the 

proposed bearing design approach. Finally a summary of conclusions from this 

dissertation study along with recommendations for bearing design are provided in 

Chapter 7. 
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Chapter 2:  Background 

2.1 INTRODUCTION 

This chapter provides a summary of recent developments with regard to design 

guidelines along with an overview of finite-element studies on elastomeric bearings and a 

summary of an earlier study on the effect of thermal loads on steel bridges. Gaps of 

knowledge in research and design methods that impede the use of elastomeric bearings in 

high-demand applications are identified and serve as further motivation and guidance of 

this dissertation research. 

2.2 STEEL REINFORCED LAMINATED ELASTOMERIC BEARING 

Elastomeric bearings come in multiple types including plain elastomeric pads, 

cotton-duck pads, fiberglass-reinforced pads, and steel-reinforced elastomeric bearings. 

This dissertation research focuses on rectangular steel-reinforced elastomeric bearings 

potentially suitable for use in high-demand applications. 

Steel-reinforced elastomeric bearings consist of alternating layers of steel and 

elastomer, made of either natural rubber or neoprene. They are chemically bonded by 

means of a vulcanization process. Under axial compression, internal steel reinforcement 

restrain the elastomer from outward lateral expansion and result in only small bulging at 

the edges as illustrated in Figure 2.1. Because the elastomer is nearly incompressible and 

tends to maintain a constant volume, the bearing will experience a relatively small 

vertical deflection. Meanwhile, the steel shims do not prevent the lateral shear 

deformation of the bearing. This results in a vertically stiff and horizontally flexible 

bearing capable of accommodating bridge movements without inducing discernible 

vertical deflections of the superstructure. 
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Figure 2.1: Bulging of Steel-Reinforced Elastomeric Bearing under Compression 

The behavior of a steel-reinforced elastomeric bearing is characterized by the 

shape factor of the internal elastomeric layers, a scalar measure defined as the ratio of the 

loaded area to the area free to bulge: 

 

   
  

  (   )
 (2-1) 

where: 

L : Length of the bearing parallel to the span of the bridge, 

W : Width of the bearing perpendicular to the span of the bridge, 

t : Thickness of an individual elastomeric layer of the bearing. 

Elastomeric layers with higher shape factors are relatively large and thin in 

dimension, resulting in higher axial and rotational stiffness due to the bulging restraint, 

and vice versa. The shape factor is used in design procedures, providing a useful basis for 

normalizing the compressive stress.  

2.2.1 Failure Modes 

While the long-term performance of elastomeric bearings has been generally 

satisfactory, a number of modes of failure a bearing might potentially experience are 

described in the following subsections. 

 

 

P 
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2.2.1.1 Shear Delamination 

Recent research (Stanton et al. 2008) identified shear delamination as the most 

common and important mode of failure. The shear delamination is preceded by the tensile 

debonding of the elastomeric cover from the vertical edge of steel shims where local 

hydrostatic tension occurs. The delamination tends to propagate inwards along the shim 

as shear delamination, characterized by the horizontal shear crack into the interior of 

elastomer layers as loading progresses. 

 

  

Figure 2.2: Shear Delamination of Elastomeric Bearings (Stanton et al. 2008) 

Shear delamination is typically caused by large or cyclic shear strains resulting 

from combined load effects of compression, rotation, and lateral shear deformation. 

Cyclic shear strain has generally been found to lead more damage compared to static 

shear strain of the same magnitude. 

Shear delamination could result in the outward extrusion of elastomer, leading to 

loss of vertical stiffness and hence severe degradation of serviceability. 
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2.2.1.2 Uplift 

If a bearing is externally bonded to steel plates, large rotations of the 

superstructure may result in undesirable local tensile stress on the tension side of the 

bearing, which eventually will lead to the sudden internal rupture of the elastomer (Gent 

and Lindley 1959b). This tendency is referred to here as “uplift”. It is often confused with 

another possibility, “lift-off,” the latter being defined as the separation of the girder from 

the bearing, consistently with the terminology adopted in the AASHTO specifications. 

Adhesives between elastomeric bearings and external plates are disallowed in Texas 

design practice (TxDOT 2013). 

2.2.1.3 Stability 

Stability is another potential limit state that can be critical, if the bearing is 

relatively tall. The buckling of elastomeric bearings is analogous to column buckling 

(Stanton et al. 1990). Although bearings are relatively very short compared with steel 

columns, instability can occur, given the high shear flexibility of the elastomer. 

2.2.1.4 Steel Reinforcement Fracture 

The outward lateral expansion of elastomeric layers caused by the compression on 

the bearing results in tension in the steel shims. Yielding or fracture of the steel may 

occur under extreme compressive loads causing immediate and severe degradation in 

bearing performance. However, steel reinforcement fracture seldom occurs since the 

fracture loads are reported to be over 10 times the design values (Stanton et al. 2008). 

Figure 2.3 shows an elastomeric bearing with fractured steel shims after a compression 

test conducted at The University of Texas at Austin (Muscarella and Yura 1995b). 
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Figure 2.3: An Elastomeric Bearing with Fractured Steel Shims 

2.2.1.5 Serviceability 

Serviceability issues concerning the performance of elastomeric bearings include 

creep, slippage, and deterioration of the bearing. Among them, slippage is the most 

common serviceability issue and is associated with the low-temperature performance of 

elastomeric bearings. The shear modulus of the elastomer increases with lower 

temperature because of the crystallization of neoprene. Slippage between the bearing and 

girder or the girder and the pier cap usually occurs in cold weather when the increasing 

restoring force against lateral deformation overcomes the friction between the bearing 

and its contact surfaces. Slippage is most likely to occur at the bearing and steel 

superstructure interface where the friction coefficient is low. A photo showing the 

slippage of bearing is provided in Figure 2.4. Signs of slippage are evident due to the 

marks on the steel girder. 

The “walking out” of the bearing was historically reported in Texas and traced to 

excessive paraffin wax in the natural rubber bearings (Yura et al. 2001) 
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Figure 2.4: Slippage between a Bearing and Steel Superstructure 

2.3 HISTORICAL DEVELOPMENT OF BEARING DESIGN PROVISIONS 

The commercial use of elastomeric bearings in US bridges began in 1950s. Du 

Pont (1959) developed one of the first design provisions for plain and reinforced 

bearings, which was incorporated into the 1958 AASHO (now AASHTO) specifications 

(1958). However, the early development of design procedures for elastomeric bearings 

had been largely empirical and not well-defined. NCHRP research project 10-20 

“Elastomeric Bearings Design, Construction, and Materials” was conducted in an attempt 

to address the inadequateness of detailed design procedures for elastomeric bearings. The 

findings of Phase I of Project 10-20 were documented in NCHRP Report 248 (Stanton 

and Roeder 1982), providing a review and analysis of general research and practice 

regarding elastomeric bearings up to 1981 in the US and throughout the world. Extensive 

experimental studies on compression, rotation, shear, stability, and fatigue performance 

of elastomeric bearings and further study on low temperature behavior were carried out in 
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Phase II and Phase III of this research project and the findings were reported in NCHRP 

Reports 298 (Roeder et al. 1987) and 325 (Roeder et al. 1989). These reports formed the 

basis for updated elastomeric bearing design provisions in the AASHTO specifications. 

No significant changes were made in the ensuing years until 2010, when major revisions 

to the elastomeric bearing design provisions were brought to the AASHTO specifications 

as the result of NCHRP Research Report 596 (Stanton et al. 2008) on rotation limits for 

elastomeric bearings, introducing the explicit total shear strain approach in lieu of 

separate criteria for compressive, rotational, and shear deformation in previous versions 

of AASHTO specifications. 

A TxDOT-sponsored research project 1304-3 (Muscarella and Yura 1995b) 

complimented the earlier NCHRP research works by further conducting a thorough 

experimental study on elastomeric bearings. Design recommendations departing from 

AASHTO design specifications were proposed on the basis of this project and influenced 

the development of TxDOT elastomeric bearing design practice. 

While the bearing design specifications include provisions on bearing geometry, 

reinforcement, material properties, compressive, rotational, and shear limits, stability, and 

serviceability requirements (slippage, deflection, etc.) for different types of bearings, this 

section focuses only on the recent development of design provisions concerned with 

compressive, rotational, and shear limits for rectangular elastomeric bearings without 

bonded external plates that potentially qualify for use in high-demand applications. 

2.3.1 AASHTO LRFD Bridge Design Specifications, 4
th

 Edition (2007) 

AASHTO LRFD Bridge Design Specifications, 4
th

 Edition (2007), was the last 

version of the AASHTO Specifications without major update in the elastomeric bearing 

design provisions since the 1980s and formed the basis of many state-level bridge 
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elastomeric bearing design practices including TxDOT elastomeric bearing design 

procedures. 

Two methods are contained in the provisions that are given in AASHTO Section 

14.7: Method A and Method B. Method A is the most popular among designers since it is 

relatively simple and conservative on stress limits, generally resulting in lower bearing 

capacity. Method B requires additional testing procedures but generally allows greater 

loads. The use of Method A is only allowed when certain prerequisites are met. First, for 

a bearing with a shape factor of S (see Eq. 2-1) and n layers of elastomer, the steel-

reinforced elastomeric bearing must satisfy the geometric limit         , which 

disqualifies the bearings that are big and thin. Second, the primary rotation has to be 

about the transverse axis of bridge. A comparison of design criteria between Method A 

and Method B is provided in Table 2.1. 

Table 2.1: Summary of the 4
th

 Edition of AASHTO Specification Method A, B 

 Method A Method B 

Compressive stress limit 

(shear displacement 

allowed) 

          
           

           

           

Compressive stress limit 

(fixed against shear 

displacement) 

          
           

          
            

Rotation 

(no lift-off) 

  
  
    (

 

   
)
   
 

 
  
  
    (

 

   
)
   
 

 

Shear deformation    
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Both Method A and B have separate criteria for compressive, rotational, and shear 

deformation in the 2007 AASHTO specifications. The criterion on rotation was imposed 

for the need to prevent lift-off. The no lift-off provision, however, leads to design 

difficulty for bearings under the load combinations of light axial load and large rotation. 

To satisfy the no lift-off provision, the bearing thickness has to be increased, and then the 

stability requirements may be violated. This provision is unduly restrictive for large 

shape factor bearings in particular, disallowing the potential use of elastomeric bearings 

in high-demand applications. 

2.3.2 AASHTO LRFD Bridge Design Specifications, 5
th

 Edition (2010) 

The NCHRP Report 596 (2008) proposed a number of major changes to the 

bearing provisions from the 4th edition of the AASHTO specifications. First, 

recommendations were made on the elimination of the absolute limit on compressive 

stress. In addition, the no lift-off provision was recommended for removal because field 

experience and bearing tests had shown no evidence of damage from lift-off. Shear 

delamination was identified in the report as the most important failure mode due to the 

excessive additive shear strains caused by compression, rotation, and shear, typically 

occurring near the edges of the shims, as shown in Figure 2.5.  

 

 

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

Figure 2.5: Shear Strains Caused by Compression, Rotation, and Shear 
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The total shear strain approach was hence proposed stating that the summation of 

shear strain components induced by compression, rotation and shear should not exceed 

the maximum allowable limit. This approach is also used in the European Specification 

(EN1337-3 2005) and was implicitly underlain in historical versions of AASHTO 

specifications. The change to an explicit use of this approach was made in Method B of 

the AASHTO LRFD Bridge Design Specifications, 5
th

 Edition (2010) as tabulated in 

Table 2.2. 

Table 2.2: Summary of the 5
th

 Edition of AASHTO Specification Method A, B 

 Method A Method B 

Compressive stress limit 
           

            
(                 )   

    (                  ) 

   

          
Rotation 

(no lift-off) 

  
  
    (

 

   
)
   
 

 

Shear deformation    
   
 

    
   
 

 

 

In the total shear strain provision in Method B,   ,   and    are the respective 

shear strain components caused by axial load, rotation, and shear deformation. For each 

component, the strains caused by static loads and cyclic loads are calculated separately. 

The subscript “st” and “cy” stand for “static” and “cyclic”, respectively. The cyclic 

components are amplified by a factor of 1.75 and the “no lift-off” provision is retained in 

Method A. 
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2.3.3 AASHTO LRFD Bridge Design Specifications, 6
th

 Edition (2012) 

In the 6
th

 edition of the AASHTO LRFD Specifications (2012), the No lift-off 

provision was eliminated from Method A for the sake of consistency between the two 

methods. Rotation design is implicitly satisfied if a bearing meets the compressive stress 

limit and the prerequisite of geometric limits for Method A to be used. A summary of 

related provisions for both Methods A & B are tabulated in Table 2.3. 

Table 2.3: Summary of the 6
th

 Edition of AASHTO Specification Method A, B 

 Method A Method B 

Compressive stress limit 
           

            
(                 )   

    (                  ) 

   

          Rotation 
Implicit in geometric and 

stress limits 

Shear deformation    
   
 

    
   
 

 

 

2.3.4 TxDOT Bridge Design Manual - LRFD 

TxDOT Bridge Design Manual - LRFD (2013) provides design provisions for 

steel-reinforced elastomeric bearings for pre-stressed concrete beams and steel I-girders. 

Past TxDOT design practice using this procedure also includes two steel trapezoidal box 

girder systems in Central Texas (Bradberry et al. 2005). 

The TxDOT elastomeric bearing design procedure is based on Method A of the 

historical version of the AASHTO specifications before the introduction of the total shear 

strain approach in the 5
th

 edition in 2010. However, the TxDOT design procedure differs 

from Method A of AASHTO specifications, 4
th

 edition, in several major aspects. TxDOT 
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only qualifies the use of 50-durometer neoprene for steel-reinforced elastomeric bearings. 

In addition, the adhesives between bearings and external plates are disallowed. Tapered 

bearings, which had been prohibited by AASHTO since 1992, may still be used, if the 

slope does not exceed 5.5% as research had shown that tapered bearings perform no less 

satisfactorily than flat bearings (Hamzeh 1995). Furthermore, 20% of lift-off is allowed 

for rotation design. A summary of provisions pertaining to compressive, rotational, and 

shear deformation limits is presented in Table 2.4. 

Table 2.4: Summary of TxDOT Elastomeric Bearing Design Provisions 

Compressive stress limit 

Dead Load: 

          
           

Total Load: 

          
           

Rotation 

(20% lift-off allowed)   
 (    )

 
 

Shear deformation    
   
 

 

 

2.4 NUMERICAL MODELING OF ELASTOMERIC BEARINGS 

Elastomeric Bearings can be analyzed by either approximate analytical or 

numerical methods. Gent and Lindley (Gent and Lindley 1959a) pioneered a simplified 

analysis of elastomeric bearings, on the basis of an assumed displacement field and 

small-deflection theory. The elastomer is assumed to be linear elastic and compressible 

material. This method leads to closed-form analytical solutions (deformed shapes, 

stresses, strains, stiffness relations) with empirical factors to be calibrated experimentally. 

Based on Gent and Lindley’s research method, other researchers investigated the 
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behavior of elastomeric bearings, including Meinecke (1970), Conversy (1967), 

Holownia (1971), and Stanton (2008). Their studies have formed the theoretical basis for 

many bearing-design specifications to date. 

Approximate analytical methods are useful in simple and highly idealized 

problems. In order to analyze the elastomeric bearings in a more rigorous way, numerical 

methods are used for bearing modeling allowing greater geometric and material 

nonlinearities. While some early numerical approaches employed the idea of the 

equivalent homogeneous continuum for the analysis of bearings that are a composite 

combination of steel and elastomer (Herrmann et al. 1988a, 1988b), most finite-element 

modeling of elastomeric bearings later dealt with the medium as an inhomogeneous 

continuum. The steel shims are modeled as elastic or elastoplastic material. For the 

elastomer, the linear elastic model fails to provide an accurate description of the material 

behavior undergoing large deformation. Instead, the material properties must be 

described as non-linear, elastic, isotropic and incompressible or nearly incompressible.  

Unfilled, vulcanized elastomers can be described by a material constitutive 

relation based on a strain energy density function. Such hyperelastic materials are the 

most widely used in elastomer finite-element analysis. The first developed hyperelastic 

material, also referred to as the Mooney–Rivlin model (Mooney 1940, Rivlin 1948), is 

still one of the most popular models in use today. In this model, the strain energy density 

has the form: 

      (    )     (    ) (2-2) 

where    and    are the invariants of right Cauchy-Green tensor, and     and     

are the material coefficients to be determined on the basis of tests. 
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Many elastomers can be adequately modeled by a strain energy density function 

that includes only the first strain invariant   , for instance, the Yeoh model (Yeoh 1993), 

which is found to be reasonably accurate under large strain in shear-dominated 

deformation: 

   ∑  (    )
 

 

   

 (2-3) 

Another very commonly used material model, the Neo-Hookean model, is a 

special case of Yeoh model with    : 

     (    ) (2-4) 

Other widely used hyperelastic models include the Ogden model and the Arruda-

Boyce model for finite-element analyses of elastomers. 

The finite-element formulation for solving the displacement field of a hyperelastic 

material at large strains can be expressed by the principle of virtual work, satisfying 

external boundary conditions such as surface tractions or fixed boundary conditions. The 

internal constraints of incompressibility or near-incompressibility conditions are enforced 

by either the penalty method or the Lagrange multiplier method typically used in 

constrained variational problems (Bathe 2006).  

In the penalty method, the displacement is the only unknown variable to be solved 

for. The virtual-work formulation is augmented by a penalty term in which the penalty 

number is represented by the bulk modulus. Skala (1975) developed one of the earliest 

finite element methods for incompressible media. He found “some oscillation in the 

calculated stresses as the material becomes more incompressible”, later explained as 

volumetric locking. Malkus and Hughes (1978) developed a displacement model 
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formulation that effectively alleviated the phenomenon of volumetric locking by 

deploying the techniques of reduced integration or selective-reduced integration. The 

selective-reduced integration technique, sometimes known as B-Bar method, is achieved 

by applying reduced integration on volumetric terms while maintaining full integration of 

deviatoric (shear) terms. 

Alternatively, the hydrostatic pressure is separated from the total stress and 

treated as an extra variable that is independent of the displacement, mathematically 

serving as the Lagrange multiplier in the augmented term. This formulation is also known 

as the mixed u-p model, first proposed by L. R. Herrmann (1965) for the formulation of 

isotropic, linear elastic material with incompressibility or near-incompressibility. This 

technique has been shown to provide the added benefit of avoiding volumetric locking, 

albeit at the cost of additional computational effort. Early two-dimensional finite-element 

analyses of hyperelastic materials with the mixed formulation include those by Oden and 

Key (1970), Batra (1980), and Aly and Becker (1981). 

Hamzeh, Tassoulas, and Becker (1998) developed a two-dimensional p-version 

finite element method with hierarchic shape function for the nonlinear modeling of 

elastomeric bearings under large deformation. In addition, a contact algorithm suitable 

for the interaction of large p-version element with rigid flat surfaces was derived and 

implemented. This algorithm is based on a penalty formulation incorporating the 

regularized Coulomb friction law. Steel reinforcement is modeled as a bilinear and 

elastoplastic material using    flow theory, and elastomeric layer as hyperelastic material 

of Yeoh’s model. The incompressibility condition of the elastomer was enforced by the 

Lagrange multiplier method. The element worked remarkably well with both theoretical 

examples and bearings with choices of different orders of interpolation and integration 
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rules. A dynamic lumped model was also developed to address the “walking out” failure 

mode of elastomeric bearings reported in Texas. 

A more recent model by Nguyen and Tassoulas (2010) extended the earlier work 

of Hamzeh et al. from a two-dimensional in plane strain model of steel reinforced 

elastomeric bearings to a three-dimensional model using the general purpose, finite 

element analysis software, ABAQUS. The model discretization is based on the three-

dimensional, 20-node element with quadratic displacement interpolation and reduced 

integration technique, hybrid with uniform pressure interpolation. The bearings were 

subjected to compression and 50% shear in both bridge longitudinal and transverse 

directions and this model was proved to exhibit considerable accuracy and be capable of 

capturing the “roll-over” of sheared bearings along the leading edge. 

Similarly, most recent finite-element modeling of elastomeric bearings utilized 

commercially available general purpose finite-element analysis software programs. 

Large-deformation hyperelasticity was used for elastomers, with mixed formulation or 

selective-reduced integration for incompressibility or near-incompressibility. Fixed 

boundary conditions or friction contact algorithms are implemented at contact surfaces. 

Some of the representative researchers on such problems include Imbimbo and de Luca 

(1998), Wang et al (2014), Newhouse et al (2009), and Mtenga (2006). 

However, most of the numerical modeling so far has focused on the behavior of 

elastomeric bearings under axial loads or lateral shear deformation, with few applications 

on bearings under rotational deformation. In NCHRP Report 596 (Stanton et al. 2008), 

nonlinear two-dimensional finite-element analyses of bridge elastomeric bearings were 

carried out in a multi-purpose finite-element analyses program MSC.Marc 2003r2 using 

large-deformation plane strain analysis in a Lagrange setting. The elastomer was modeled 

as nearly-incompressible hyperelastic material with material parameters and bulk 
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modulus experimentally calibrated from laboratory testing. Two categories of analyses, 

axial and rotational deformations were performed with average axial stresses of    up to 

2GS and rotations of   up to 0.006 rad per layer, covering values commonly relevant to 

practice. For each analysis, the shear strain profile was extracted at the steel and 

elastomer interface. The investigator observed the local mesh distortion near the end of 

reinforcing steel shim due to the stress singularity. The shear strains in these regions were 

then extrapolated from the interior data points ¼ inch far from the shim ends. Local shear 

strains predicted by the finite-element analysis were in good agreement with linear 

theory, upon which the total shear strain approach for bearing design was proposed. The 

research investigator also demonstrated both numerically and analytically that the shear 

strain can be calculated more conservatively by assuming that the bearing is attached to 

the superstructure and substructure when lift-off occurs. 

2.5 EFFECTS OF THERMAL LOADS ON STEEL GIRDER BRIDGES 

The bridge structures exposed to an ever-changing surrounding environment 

undergo daily and annual heating cycles resulting from the heat transfer through three 

principal mechanisms: solar radiation, re-radiation from the surrounding environment, 

and ambient air convection. 

As a result of daily and annual thermal cycles, the bridge structure experiences 

thermal expansion and contraction. The existence of nonlinear temperature distribution 

and the mixture of two materials (steel and concrete) of different coefficients of thermal 

expansion result in internal restraints to thermal deformations. In turn, these cause 

complex thermal movements including longitudinal and transverse translations as well as 

rotations at each bridge support that should be calculated and accounted for in the design 

of bridge bearings. The complexity of thermal structural response increases dramatically 
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in a continuous curved steel trapezoidal box girder system which has long span and 

complex geometry. 

The thermal movements, particularly at end supports, can be significant. Field 

measurements by Grisham (2005) and Writer (2007) show that thermal movement at end 

supports for a typical three-span continuous steel bridge could be as large as 2 inches for 

an annual thermal circle. 

Chen (2008) developed both a two-dimensional and a three-dimensional finite-

element thermal analysis model for continuous curved steel trapezoidal box girder 

systems. Based on the two-dimensional model, analyses were carried out utilizing the 45-

year historical weather data in Texas as the input environmental conditions. The results of 

the finite-element thermal simulation led to the development of design thermal loads and 

their parameters for different return periods. The design thermal loads include effective 

temperature, non-linear vertical temperature gradient, and transverse linear temperature 

gradient, which are statistical models reflecting the impact of various environmental 

factors including solar radiation, wind speed, and ambient air temperature. They can be 

used to investigate the thermal response of composite bridge, particularly curved steel 

trapezoidal box girder systems. 

2.6 KNOWLEDGE GAPS IN CURRENT STUDY 

This chapter has provided a brief review of recent development of bearing design 

provisions and previous research on numerical modeling of elastomeric bearings and 

thermal behavior of steel bridges pertinent to high-demand applications. 

It has been found that the use of elastomeric bearings in high-demand applications 

is largely impeded by historical and current bearing design provisions. Texas and national 

bridge bearing design, research, and service experience underscores the need to update 
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TxDOT bearing design provisions with a total shear strain approach based procedure 

along with necessary modifications to qualify the use of elastomeric bearings for high-

demand applications, consistently with the latest development of the AASHTO 

specifications. The introduction of the total shear strain approach in the AASHTO 

specifications is largely attributed to a recently conducted NCHRP study (Stanton et al. 

2008). However, the studies have focused primarily on bearings for use in short-to-

moderate span systems commonly used in traditional concrete girder bridge applications. 

It remains unclear whether this approach is applicable to large-sized bearings for high-

demand applications without sufficient laboratory and numerical studies. 

Substantial work has been conducted in finite element studies of elastomeric 

bearings, but most of these studies have been aimed at the behavior of bearings under 

compression and lateral shear deformation, while very limited research efforts have been 

expended on numerical studies of rotational behavior of elastomeric bearings to date, 

except NCHRP 596 report. Furthermore, the majority of the research has been focused on 

the global force-displacement behavior of the numerical model, internal stresses, and 

surface pressure distributions, with few investigations of the internal shear strains at 

elastomer and steel interface that are directly associated with the failure mode of shear 

delamination. Hence, this dissertation research is aimed at filling this gap by developing 

an experimentally validated three-dimensional finite-element model that is capable of 

simulating the behavior of elastomeric bearings under various modes of deformation and 

performing parametric finite-element studies that account for effects of various factors.  

In bearing design practice, only uniform thermally-induced translations are 

calculated for simplicity. However, in high-demand applications, e.g., in continuous, 

curved, steel trapezoidal box girder systems, the complexity of thermal structural 

response that must be accommodated by elastomeric bearings increases dramatically. It 
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remains unknown whether this design simplification is still valid or not under these 

circumstances. Previous field measurements and computational studies on such systems 

have primarily focused only on thermally-induced translations without rotations. In 

addition, the bridges studied typically had shorter span length or different supporting 

conditions such as pot bearings. It is, therefore, imperative that we conduct numerical 

simulations and field measurements to facilitate an improved understanding of 

elastomeric bearings used in high-demand applications. 
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Chapter 3:  Finite Element Modeling of Elastomeric Bearings 

3.1 INTRODUCTION 

Three-dimensional Finite-Element Analysis (FEA) serves as a tool in predicting 

structural behavior as well as validating computational models on the basis of 

experimental results. Important internal quantities such as stress and strain can be sought 

with ease where they can be difficult to be measured in full-scale testing. 

In this chapter, a three-dimensional finite-element model is developed enabling 

simulations of the behavior of elastomeric bearings under compression, shear and 

rotational deformation. The numerical results are analyzed and validated by comparison 

with test measurements.  

3.2 MATERIAL MODEL 

In contrast to the linear elasticity of the steel, determining the material parameters 

required for characterizing the constitutive relation for the elastomer is much less explicit 

yet essential to the successful modeling of elastomeric materials due to the complex 

nature of high material non-linearity. A commonly used hyperelastic material model for 

elastomers is adopted for finite-element modeling in this study, requiring material 

coefficients, including polynomial energy density function coefficients and bulk 

modulus, to be obtained prior to the simulations. 

In general practice, the material coefficients for finite-element modeling are 

usually obtained from the available literature or material testing. However, the specimen 

used for material testing, is not generally in a stress state identical to that of the elastomer 

within the bearing. In addition, material coefficients calibrated from the material testing 

of specimens are not representative of the material property variation and uncertainty 
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across the bearing. Though values obtained from material testing can provide reasonable 

predictions of the global behavior of bearings in finite-element modeling in certain cases 

of deformation, they perform poorly in others. An analytical model is hence developed 

allowing for the calibration of material coefficients from the global force-deformation 

measurements from full-scale testing. Putting these coefficients back into the finite-

element model will provide numerical results in good agreement with experimental 

measurements, allowing investigations of the behavior of the elastomeric bearing under 

various types of deformation to be performed with validity and accuracy. 

3.2.1 Material Coefficients 

The hyperelastic model of elastomer can be characterized by the polynomial 

strain energy density function. The first step to obtaining an accurate representation of the 

material is the determination of the material coefficients of the energy function from the 

test results of full-scale shear tests.  

As illustrated in Figure 3.1, an elastomeric layer (            ) is 

assumed to be perfectly bonded at the top and bottom and is subjected to a vertical force 

  and a horizontal force  . The layer experiences a uniform simple shear deformation 

of  , where       ( ). 

 

 

Figure 3.1: Elastomeric Layer under Simple Shear Deformation 
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The deformation gradient   can be expressed as: 

   [
   
   
   

] (3-1) 

The right Cauchy-Green deformation tensor   can then be expressed as: 

       [
   

      
   

] (3-2) 

The strain invariants of the right Cauchy-Green tensor are expressed as follows: 

 
         

  

     

 

The total potential energy of the system is given by: 

   ∫ (        )     (3-3) 

Provided that the body is in static equilibrium, the variation of the total potential 

energy should be zero: 

    ∫
  

   

   
  
     

 (   )

  
     (3-4) 

A Neo-Hookean material model is used in our numerical study. We substitute 

    (    ) into Equation (3-4): 

 
  (  )(   )       

(3-5) 

The horizontal force is, therefore, expressed as: 
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      (  )  (3-6) 

The bearing dimensions and results of the full-scale shear testing are listed in 

Table 3.1, which can be used to determine the value of   . 

Table 3.1: Bearing Dimensions and Results of Full-scale Shear Testing 

Bearing 
Width 

W (in.) 

Length 

L (in.) 

Effective 

Width 

Weff (in.) 

Effective 

Length (in.) 

Leff (in) 

No. 

of 

"t" 

Total 

Height 

(in.) 

Average 

shear 

modulus 

G (psi) 

S 18 9 17.25 8.25 2 1.61 98.00 

M 27 14 26 13 7 5.21 94.24 

L 36 23 35 22 5 3.97 101.15 

 

The lateral shear deformation of bearings is assumed to be solely undertaken by 

the internal elastomeric layers restrained by the steel shims, over an effective area. The 

expression for horizontal force, Equation (3-6), becomes: 

  (  )     (        )  (3-7) 

Thus, 

 
   

 

 

  

        
  (3-8) 

The calculated Neo-Hookean material coefficients for all bearings are tabulated in 

Table 3.2: 
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Table 3.2: Calculated Material Coefficients for Neo-Hookean Material 

Bearing S M L 

C1 (psi) 53.4 51.2 53.4 

 

3.2.2 Bulk Modulus 

Although usually treated as incompressible, elastomers tend to be slightly 

compressible. The small amount of compressibility can significantly affect the behavior 

of elastomeric bearings at high levels of confinement.  

Gent and Lindley (1959a) first derived a simplified equation to calculate the 

compression modulus of a bonded elastomeric layer, commonly referred to as “pressure 

method”, which gives: 

     (      
 ) (3-9) 

where      for nearly incompressible material. 

Equation (3-9) assumes that the elastomeric layer is completely incompressible, 

and that the top and bottom are perfectly bonded. 

For an infinite strip (plane strain), Gent and Lindley gave: 

    
 

 
     

 

 
 (3-10) 

TX-DOT Research Report 1304-3 (Muscarella and Yura 1995a) suggested the 

following values: 
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             (3-11) 

where        for hardness 50 rectangular elastomeric bearing. 

Since the contribution of the term    is usually insignificant, the AASHTO 

LRFD Bridge Design Specifications (2012) adopt the values: 

              (3-12) 

The aforementioned analytical expressions for the compression modulus are 

based upon the assumption of incompressibility of the material which is reasonable for 

elastomeric layers with low shape factors. However, the impact of compressibility should 

not be ignored for layers with high shape factors. The assumption of incompressibility 

under these circumstances will lead to overestimates of the axial stiffness (Koh and Lim 

2001). To take into account the effect of bulk compressibility, Gent and Lindley proposed 

a modification to predict the apparent compression modulus of an elastomeric layer: 

 

 

  
 
 

  
 
 

 
 (3-13) 

where    and   denote the apparent compression modulus and the bulk modulus, 

respectively. 

Though currently included in the Eurocode (EN1337-3 2005), this modification is 

not yet included in the AASHTO LRFD specifications (2012). Based on the pressure 

method, a number of analytical estimates of the compression modulus of elastomeric 

layers were also developed and share a remarkable consistency with the finite-element 
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results (Gent and Meinecke 1970, Horton et al. 2002, Koh and Kelly 1989). However, a 

divergence of experimental results and predictions by numerical methods or analytical 

expressions has been found among cases with high shape factors and Poisson’s ratio 

values close to 0.5 (Qiao and Lu 2014). Over-predictions of the compression modulus or 

axial stiffness by up to 200% by numerical or analytical methods over the experimental 

measurements were observed in many cases (Anderson et al. 2004, Stanton et al. 2008, 

Muscarella and Yura 1995b). The cause for these over-predictions is still not entirely 

clear but believed to be attributed to the uncertainty in the bulk compression (Anderson et 

al. 2004). 

This phenomenon combined with the fact that the neoprene is nearly 

incompressible with Poisson’s ratio values ranging from 0.499 to 0.4999 (Holownia 

1980) poses a significant challenge in finite-element modeling of elastomeric bearings 

under compression: An effective relation between external axial loads and internal 

quantities such as pressure and stress cannot be established without a valid finite-element 

model that correlates experimental force-displacement measurements from full-scale 

testing. Finding an appropriate apparent bulk modulus value for bearing modeling was 

therefore of interest in this study, so as to represent the overall bulk compression of the 

whole bearing and to counteract the adverse impact of the uncertainty in bulk 

compression. Obtaining a better representation of the overall bulk compression is 

necessary to establish a valid finite-element model to simulate the behavior of 

elastomeric bearings under combined deformation of compression correlated with test 

measurements, and investigate important internal quantities with accuracy and 
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confidence. A pressure-method-based procedure is hereby provided to find the apparent 

bulk modulus from measurements of the axial force and deflection for the purpose of 

finite-element modeling. 

Assuming an elastomeric bearing consists of   layers of elastomer, subject to a 

axial load of   , the axial shear strain and deflection of each layer can be calculated: 

 

 

    
 

 

    
 
 

  
 (3-14) 

 
   

  
     

 (3-15) 

 
        (3-16) 

where    and    are the thickness and deflection of a specific layer. 

The total deflection of all elastomeric layers    can be obtained as follows: 

    ∑   (3-17) 

The bearing axial stiffness is then given by: 

    
  
  

 (3-18) 

Given the measured axial stiffness of elastomeric bearings from full-scale testing, 

and their geometric parameters, the apparent bulk modulus values can be estimated in an 

iterative manner. The calculated apparent bulk modulus values are listed in Table 3.3. In 

order of increasing thickness of the bearings were S, M, L and the table shows significant 

variations in the apparent bulk modulus. 
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Table 3.3: Calculated Apparent Bulk Modulus for All Bearings 

Bearing  
Axial stiffness 

(kips/in.) 

Apparent Bulk 

Modulus (psi) 

S 2,617 45,020 

M 2,911 103,900 

L 9,817 65,700 

3.3 FINITE ELEMENT MODELING 

The mathematical model of the elastomeric bearing is governed by a set of Partial 

Differential Equations (PDEs) that characterize the kinematics, constitutive relation and 

equilibrium. These PDEs are solved numerically on a three-dimensional model with 

given boundary conditions, using the general-purpose FEA software ANSYS V14. The 

modeling details are discussed in the section below. 

3.3.1 Numerical Scheme 

In the FE Model, the elastomer and steel were discretized with the 3D 8-node 

solid element, SOLID 185. This element supports a variety of material models including 

linear-elasticity, plasticity, and hyper-elasticity. Its mixed formulation allows the 

simulation of nearly-incompressible hyperelastic materials. It features eight corner nodes 

and one pressure node for nearly incompressible behavior. 

Steel shims were regarded as linear-elastic material, because the stress level in the 

steel shims is by far below the yield strength under design loads. As noted in an earlier 
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chapter, fracture of the steel shim typically occurs on the order of over ten times the 

design load.  

The nearly incompressible material formulation for the elastomer is 

mathematically a constrained variational problem. We seek to determine the mixed 

displacement and pressure fields in a domain that is subjected to external boundary 

values and internal compressibility constraints. The principle of virtual work states that if 

a body is in static equilibrium, the internal virtual work is equal to the external virtual 

work. The internal virtual work is augmented by a pressure-like Lagrange multiplier to 

implement the compressibility constraint. 

  ∫    ∫(
   ̅

 
)    ̅   ∫       ∫         (3-19) 

 

where: 

  :The variational operator, 

W : Strain energy density function, 

  : Hydrostatic pressure from material law       , 

 ̅ : Pressure degree of freedom, 

K : Bulk modulus, 

b : Body force, 

t : Surface traction. 

 

TARGET 170/ CONTACT 173 3D linear surface contact element pairs are 

implemented for contact analysis. A regularized Coulomb friction model is used to 



 42 

characterize the tangential interaction between contacting surfaces. The tangential 

relative motion is zero, i.e. “Sticking”, if the surface traction does not exceed a critical 

value,             , which is proportional to the normal contact pressure. Beyond that 

value, “slipping”, i.e. relative movement at the interface, will occur. 

 

 

Figure 3.2: Regularized Coulomb friction model 

The discontinuity between the two states: sticking and slipping creates numerical 

difficulties in convergence. Therefore, the regularized Coulomb friction that allows 

“elastic slip” is introduced by means of an augmented Lagrange formulation to alleviate 

this problem as illustrated in Figure 3.2. A constant value of 0.3 is adopted for all 

analyses. 

3.3.2 FEA Model 

The finite-element model built in ANSYS consisted of one elastomeric bearing 

and two rigid blocks above and below, as illustrated in Figure 3.3. The top block 

represented the steel sole plate fixed on the superstructure, while the bottom one 

represented the abutment/pier. 

𝜀e  s    s  p 

𝜀e  s    s  p 

𝝉  

𝜸 (Slip) 

𝜏         

Slipping 
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Contact element pairs of TARGET 170 and CONTACT 173 were used at the 

interface of elastomeric bearings and abutment/sole plates. TARGET 170 elements were 

attached on the rigid blocks at contact surfaces, while CONTACT 173 elements were 

attached to the elastomeric bearing. 

Only half of the bearing and rigid blocks were modeled in ANSYS, exploiting the 

symmetry of the geometry and load pattern for all analyses. 

Three types of modeling with their distinct load patterns were carried out, 

corresponding to three types of laboratory full-scale tests that have been conducted: 

compression testing, shear testing, and rotation testing. Bearing geometries and load 

patterns identical to the tested ones are used in the numerical modeling to best simulate 

the laboratory conditions of the full-scale testing. All loads applied on the model were 

displacement-controlled for better convergence. 

 

 

Figure 3.3: 3D Finite-element Model for Elastomeric Bearing 
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In compression modeling, as illustrated in Figure 3.4, the bottom rigid block was 

fixed at the bottom, whereas a uniform vertical deflection    was gradually applied on 

the top boundary of the top block. 

 

Figure 3.4: Schematic Diagram for Compression Modeling 

In shear modeling, as illustrated in Figure 3.5, the bottom rigid block was also 

fixed at the bottom. A uniform vertical deflection    was first applied on the top of 

model and kept constant. In the second load step, a uniform lateral displacement    was 

applied on the top block. The bearing experiences shear deformation due to friction. 

 

Figure 3.5: Schematic Diagram for Shear Modeling 
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In rotation modeling, as illustrated in Figure 3.6, the bottom rigid block was fixed 

at the bottom. A tapered top rigid block with a slope in longitudinal direction was 

mounted above the elastomeric bearing. The top block and the bearing only shared an 

initial contact at the bearing edge on the width side. A uniform vertical deflection    

was applied on the top of the model in a gradual manner. 

 

Figure 3.6: Schematic Diagram for Rotation Modeling 

A summary of load patterns for all three types of analyses is listed in Table 3.4: 

Table 3.4: Summary of Load Patterns 

Modeling Type Compression 
Shear 

displacement 
Taper angle 

Compression Testing 
up to laboratory 

testing values 
0 0 

Shear Testing 1000 psi 
50% of total 

elastomer height 
0 

Rotation Testing 
up to laboratory 

testing values 
0 0.5˚ and 1.5 ˚ 

 

𝑼𝒙  𝑼𝒚  𝑼𝒛  𝟎 

𝑼𝒙  𝑼𝒛  𝟎       𝑼𝒚 𝒊  𝑼𝒚 𝒋 
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3.3.3 Mesh  

Bearings of three different dimensions tested in the full-scale tests were 

investigated numerically in the finite-element modeling. They are labeled as S, M, and L 

according to their sizes with geometries identical to the tested ones. Their geometric 

specifications are presented in Table 3.5. 

Table 3.5: Summary of Bearing Dimensions 

Elastomeric 

Bearing 

Width 

(in.) 

Length 

(in.) 

No. 

of 

"t" 

Layer 

Thickness 

"t" (in.) 

Cover 

(in.) 

Steel 

Thickness 

(in.) 

Total 

Height 

(in.) 

S 18 9 2 0.375 0.25 0.12 1.61 

M 27 14 7 0.5 0.375 0.12 5.21 

L 36 23 5 0.5 0.375 0.12 3.97 

 

The numerical results of finite-element analysis are mesh-size dependent. A mesh 

convergence study was carried out based on the compression modeling of Bearing S with 

increasingly fine global mesh sizes in both directions of length and width as well as 

increased numbers of element layers used per elastomeric layer depthwise. The results 

are compared in terms of axial stiffness in order to arrive at a mesh size with sufficient 

accuracy and reasonable required computational effort. 

Figure 3.7 and Figure 3.8 present the results of the mesh sensitivity study. Six 

layers of elements were used per elastomeric layer in all cases. Meanwhile global mesh 

sizes of 0.25’’, 0.5’’, and 1’’ were investigated, resulting in aspect ratios ranging from 4 

to 16. The result for the cases of 0.5’’ mesh size was found to have differences of less 

than 3% from those of other two, revealing that the mesh size of 0.5’’ would suffice for 

this model and that the effect of element aspect ratio was insignificant. A global mesh 

size (at length and width) of 0.5’’ was hence used for Bearing M and Bearing L, while 

global mesh size of 0.25’’ was used for Bearing S for better convergence. 
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Figure 3.7: Mesh Sensitivity Study on Number of Element Layers per Elastomer Layer 

 

 

Figure 3.8: Mesh Sensitivity Study on Global Mesh Size 
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The three-dimensional and two-dimensional sectional views of the meshes for all 

three bearings are presented below from Figure 3.9 to 3.14 

 

 

Figure 3.9: 3D View of Mesh for Bearing S 

 

Figure 3.10: 2D Sectional View of Mesh for Bearing S 
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Figure 3.11: 3D View of Mesh for Bearing M 

 

Figure 3.12: 2D Sectional View of Mesh for Bearing M 
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Figure 3.13: 3D View of Mesh for Bearing L 

 

Figure 3.14: 2D Sectional View of Mesh for Bearing L 

3.4 FINITE ELEMENT RESULTS 

3.4.1 Compression Modeling 

Results from the compression modeling of elastomeric bearings are presented and 

compared with full-scale test results in this section. The deformed meshes of three sizes 

of elastomeric bearings considered with an axial stress of 1 ksi are illustrated in Figure 

3.15 to 3.17. 
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Figure 3.15: 2D Sectional View of Deformed Mesh for Bearing S under Axial Load 

 

Figure 3.16: 2D Sectional View of Deformed Mesh for Bearing M under Axial Load 

 

Figure 3.17: 2D Sectional View of Deformed Mesh for Bearing L under Axial Load 

It can be observed that the deformation profile of the elastomeric layer under 

compression is similarly parabolic. The deformation of the elastomer is pronounced near 

the exterior and insignificant near the middle of the bearing, where the deformation 

profile is nearly vertical. The deformed meshes clearly show that the maximum elastomer 

shear strain occurs near the edge of the shim at the elastomer and steel interface. 
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Figure 3.18: Force vs Deflection Curves for Bearing S under Axial Load 

 

 

Figure 3.19: Force vs Deflection Curves for Bearing M under Axial Load 
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Figure 3.20: Force vs Deflection Curves for Bearing L under Axial Load 

Table 3.6: Summary of Numerical and Experimental Results 

Bearing  
Experimental 

(kips/in.) 

FEA 

(kips/in.) 

Difference 

(% of Experimental 

results) 

S 2617 2892 10.5 

M 2911 3096 6.4 

L 9817 9883 0.7 

 

Figure 3.18 to 3.20 present the computational and experimental results for the 

force vs. displacement curves of the respective S, M, and L elastomeric bearings under 

axial deformation. The calculated axial stiffness values from both computational and 

experimental results are tabulated in Table 3.6, showing that the finite-element results are 

in good agreement with the experimental results both qualitatively and quantitatively, 

though the numerical model does not capture the initial softening behavior of the 

elastomeric layer. 
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3.4.2 Shear Modeling 

This section presents results from shear modeling of elastomeric bearings, 

compared with full-scale testing results. Axial stress of 1 ksi was first applied at the top 

of upper block. In the second load step, the bearing was subjected to 50% shear 

deformation through the lateral displacement of the top block. 

 

 

Figure 3.21: 2D Sectional View of Deformed Mesh for Bearing S under Shear 

 

 

Figure 3.22:2D Sectional View of Deformed Mesh for Bearing M under Shear 

 

 

Figure 3.23: 2D Sectional View of Deformed Mesh for Bearing L under Shear 
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Figure 3.21 to 3.23 depict the deformed meshes of elastomeric bearings in the 

shear modeling. “Rollover” (separation of the cover elastomer and the contacting 

superstructure/substructure) at the upper right “leading edge” and the lower left “trailing 

edge” can be readily observed because of the internal tension in diagonal direction. It can 

also be seen that the lateral shear deformation of the bearing increases the magnitudes of 

shear strains at the steel-elastomer interface on one side and reduces the strains on the 

other side, relative to the existing shear strains caused by compression in the first load 

step.  

 

 

Figure 3.24: Lateral Force vs Displacement Curves for Bearing S under shear 
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Figure 3.25: Lateral Force vs Displacement Curves for Bearing M under Shear 

 

 

Figure 3.26: Lateral Force vs Displacement Curves for Bearing L under Shear 
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Figure 3.24 to 3.26 presents the computational results of the lateral force vs. 

displacement curves of the respective S, M, and L elastomeric bearings subjected to the 

lateral shear deformation of 50%. The calculated axial stiffness values for both 

computational and experimental results are tabulated in Table 3.7.Error! Reference 

source not found.. The lateral force vs displacement curves obtained from the FEA 

exhibit strong linearity and the calculated lateral stiffness values have good agreement 

with the experimentally measured values, with differences less than 5%.  

 

Table 3.7: Summary of Numerical and Experimental Results 

Bearing 
Experimental 

(kips/in.) 

FEA 

(kips/in.) 

Difference 

(% of experimental 

results) 

S 7938.0 7594.084 4.3% 

M 17811.4 17089.59 4.1% 

L 41876.1 40798.91 2.6% 

 

3.4.3 Rotation Modeling 

This subsection presents results from rotation modeling of elastomeric bearings, 

compared with full-scale testing results. Only three analyses on Bearing M and L that are 

representative of bearing dimensions used in high-demand applications were performed, 

due to the excessive computational time required to solve such complex problems. This is 

because of the intrinsic nonlinear nature of large-deformation hyper-elasticity and the 

contact algorithm, which leads to a very large number of substeps and iterations to arrive 

at converged results. The details of the three analyses are tabulated below. 
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Table 3.8: Summary of Loads for Rotation Modeling 

Case Bearing 
Axial 

displacement (in) 

Taper angle of 

top rigid block 

1 M 0.35 1.5 ˚ 

2 L 0.13 0.5 ˚ 

3 L 0.345 1.5 ˚ 

 

Contour of contact status and the deformed meshes of Bearing M in Case 1 are 

investigated at two selected levels of axial displacement. Those for Case 2 and Case 3 are 

not presented due to their qualitative similarity. 

 

 

Figure 3.27: Contact Status Contour for Bearing M in partial contact 
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Figure 3.28: 2D Sectional View of Deformed Mesh in Partial Contact 

Figure 3.27 and Figure 3.28 depict the contact status and deformed mesh of 

Bearing M under the axial displacement of 0.15 in. The bearing and top rigid block are in 

partial contact at this load level. The internal elastomer, in the part under partial 

compression of top tapered block, is bulged outwards while the elastomer in the other 

part keeps the vertical profile and is free of strain. 

 

 

Figure 3.29: Contact Status Contour for Bearing in Complete Contact 
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Figure 3.30: Sectional View of Deformed Mesh in Complete Contact 

Figure 3.29 and Figure 3.32 provide the contact status and the deformed mesh of 

Bearing M under the axial displacement of 0.3 in. At this load level, the bearing and top 

tapered block are in full contact. Based on the observation from the deformed mesh, it 

would be reasonable to assume that the global rotational deformation applied on the 

elastomeric bearing by the tapered top rigid block is evenly distributed to each 

elastomeric layer. Each layer acts in a way analogous to a spring in series with other 

springs. It can also be seen that the elastomer is significantly more strained under the 

lower side of the top tapered block than the other. 
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Figure 3.31: Force vs Deflection Curves for Case 1 (Bearing M, θ=1.5°) 

 

 

Figure 3.32: Force vs Deflection Curves for Case 2 (Bearing L, θ=0.5°) 
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Figure 3.33: Force vs deflection curves for Case 3 (Bearing L, θ=1.5°) 

Figure 3.31 to 3.33 present the computational results of the axial force vs. 

displacement curves for the three analyses that were carried out, in comparison with the 

experimental results. It can be readily observed that bearings manufactured in the same 

batch exhibit strong scatter in their rotational behavior, possibly due to uncertainty in the 

bulk-compression of elastomer material. The finite-element model that was developed as 

part of this research is capable of modeling the behavior of bearings under combined 

deformation of compression and rotation, with reasonable agreement between the 

numerical results and experimental measurements.  

3.5 SUMMARY 

The three-dimensional finite-element modeling of elastomeric bearings serves as 

a valuable approach to explore internal quantities such as stress and strain that are 
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impractical to measure in full-scale testing. Its validity hinges on the uncertainty of bulk 

compression of the elastomeric material, consistently with other comparisons to date 

between numerical results and test measurements.. 

A procedure based on an approximate analytical model was therefore developed 

in this study, allowing calibration of material coefficients and apparent bulk modulus 

values from the global force-displacement measurements from full-scale compression 

and shear testing.  

Given the material coefficients and bulk modulus values, a three-dimensional 

finite-element model was developed allowing us to simulate the behavior of the 

elastomeric bearings under compression, shear and rotational deformation, The calculated 

force-displacement curves from numerical simulations had good agreement with 

experimental measurements both qualitatively and quantitatively, enabling the 

establishment of a valid relation between external loads and important internal quantities 

such as stress and strain. This validated finite-element model was used in a parametric 

study that is outlined in the next chapter. 
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Chapter 4:  Parametric Finite Element Study of Elastomeric Layers 

4.1 INTRODUCTION 

The development of a finite-element model of elastomeric bearings was outlined 

in the previous chapter, and comparisons with full scale test results provided confidence 

in the accuracy of the model. When an elastomeric bearing is subjected to compression, 

shear, or rotational deformation, each elastomeric layer acts in a way analogous to a 

spring in series with other springs. A design approach is hence proposed that calculates 

the maximum shear strain within the elastomeric layer in various modes of deformation. 

This chapter presents a comprehensive parametric finite-element study of 

elastomeric layers subjected to axial loads and rotation, covering shape factors and bulk 

moduli that are likely to be encountered in engineering practice. The results from the 

study are used to validate the design approach proposed in this study. 

4.2 TOTAL SHEAR STRAIN APPROACH 

The total shear strain approach that is outlined in the NCHRP research report 596 

(2008) is proposed in this study as the basis of a design recommendation for elastomeric 

bearings used in high-demand applications. The total shear strain approach states that the 

summation of shear strain components induced by both static and cyclic compression, 

rotation and shear should not exceed the maximum allowable limit value of 5.0: 

 (                 )      (                  )    (4-1) 

where the maximum shear strain components induced by axial load, rotation and shear in 

an elastomeric layer can be calculated, respectively, as: 
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 (4-4) 

The empirical dimensionless coefficients    and    used in estimating shear 

strain components due to the axial load and rotation were originally derived from a two-

dimensional numerical study described in the NCHRP 596 report. It remains unknown 

whether these values are sufficiently representative of actual bearing behavior. The 

comprehensive three-dimensional parametric finite-element study reported in this chapter 

for an elastomeric layer explores the validity of the total shear strain approach. 

4.3 BULK MODULUS 

As outlined in Chapter 2, the bulk modulus has a profound impact on the behavior 

of the restrained elastomeric body, particularly in bearings subjected to compression or 

rotational deformation with high shape factors. In these cases, the dilemma exists that 

numerical models provide poor prediction of their axial stiffness using bulk moduli 

experimentally obtained from material testing, in comparison with the measured results 

from laboratory full-scale tests, mainly due to the material behavior uncertainties in bulk 

compression. This poses a significant challenge to the use of bulk modulus in design 

practice. 

An analytical model was previously developed to determine material coefficients 

including the apparent bulk moduli from global measurements of the force and 

displacement from full-scale tests of elastomeric bearings. Using the apparent bulk 
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moduli obtained by this approach, finite-element analysis results had remarkable 

agreement with the measurements. This not only lends confidence in the finite-element 

model but results in a range of apparent bulk moduli that should be considered in 

numerical modeling and design practice. 

However one major uncertainty that remains with regard to the design and 

analysis of elastomeric bearings is the bulk-modulus values that should be used. The 

AASHTO LRFD specifications recommend the value of 450 ksi for neoprene material, 

based on the experimental bulk moduli obtained from material testing in the NCHRP 596 

report (2008), while the value of 2000 MPa (290 ksi) is suggested in the Eurocode (EN 

1337-3).  

In this research, experimental bulk moduli obtained from material testing of four 

specimens prepared from a rubber material, which the tested elastomeric bearings were 

made from, measured 331 ksi, 335 ksi, 340ksi and 390 ksi. The apparent bulk moduli for 

the small, medium and large bearings determined from the full scale testing are 45.0 ksi, 

103.9 ksi and 65.7 ksi, respectively, which are significantly lower than the experimental 

values. This demonstrated that a wide range of bulk moduli should be considered in 

design and analysis. It is therefore imperative to perform a comprehensive numerical 

study on elastomeric layers with shape factors and bulk moduli covering those normally 

encountered in engineering practice and to find out the appropriate use of bulk modulus 

for the purposes of design. Bulk modulus values ranging from 45 ksi to 450 ksi are used 

in the ensuing parametric study. 
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4.4 FINITE ELEMENT MODEL 

The model included a single layer of elastomer and steel shims of half the actual 

thickness above and beneath the elastomeric layer, as shown in Figure 4.1.  

 

 

Figure 4.1: Mesh of Elastomeric Layer S 

The elastomer and steel were discretized by means of three-dimensional (3D) 20-

node solid elements (SOLID 186 elements in ANSYS). These elements are similar to the 

SOLID 185 element used in the previous chapter, but features quadratic shape functions, 

which better characterize the profile of elastomeric layer under large deformation. 

The sign convention of the model is as shown in Figure 4.2, with the longitudinal 

axis defined in the x direction and the transverse axis in the z direction. The y axis was 

normal to the plane of the layer. 
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Figure 4.2: Sign Convention for Elastomeric Layer 

In the finite-element analysis, the elastomeric layer was subjected to compression, 

shear, rotation or combinations thereof. The rotation was applied about the transverse 

axis of the elastomeric layer and the shear deformation was enforced in the longitudinal 

direction. Because the layer geometry and load patterns were symmetric about the 

longitudinal axis for all analyses, only half of the elastomeric layer was modeled, with 

symmetry conditions imposed along the longitudinal axis. 

The parametric study covered elastomeric layers of four different dimensions with 

shape factors ranging from 8.0 to 20.6. Their geometries are the same as those of the 

elastomeric bearings in the full-scale tests as shown in Table 4.1. 
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Table 4.1: Summary of Elastomeric Layers 

Elastomeric 

layer 

Width 

(in.) 

Length 

(in.) 

Layer 

Thickness 

"hri" (in.) 

Cover 

(in.) 

Shape 

Factor 

"S" 

Aspect 

Ratio 

S 18 9 0.375 0.25 8.00 2.00 

M 27 14 0.5 0.375 9.22 1.93 

L 36 23 0.5 0.375 14.03 1.57 

XL 48 36 0.5 0.375 20.57 1.33 

 

A fixed shear modulus G = 100 psi was specified in all analyses, while five 

different values of bulk modulus were used for each type of elastomer layer: 45 ksi, 70 

ksi, 100 ksi, 200 ksi, 450 ksi. 

 The analyses of the elastomer layers under compression and rotation were 

performed. All translational DOFs of the model were fixed at the bottom. Displacement 

loads were calculated and applied on the top of the model for given deformation modes. 

The axial loads and rotation deformations that were applied on the elastomeric 

layers varied between the bearing sizes. Hence, for the purpose of comparison between 

different sizes of elastomeric layers, all axial loads and rotational deformations were 

normalized with respect to the following values: 

 

    
  
  

 (4-5) 

 

   (
 

   
)
 

   (4-6) 
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4.5 COMPRESSION STUDY 

The parametric compression study of an elastomeric layer consists of 20 analyses 

which consider all four layer sizes and five bulk modulus values. A uniform axial 

displacement load was applied at the top of the model incrementally until an average 

axial stress        (    ) is reached. 

Table 4.2: Summary of axial loads 

Elastomer 

layer 

Width 

(in.) 

Length 

(in.) 

Shape 

Factor "S" 
   

   
(psi) 

S 18 9 8.0 2 1600 

M 27 14 9.2 2 1844 

L 36 23 14.0 2 2807 

XL 48 36 20.6 2 4114 

 

A representative example of the deformed mesh of layer S with a bulk modulus of 

450 ksi under axial load is presented in Figure 4.3. 

 

Figure 4.3: Deformed mesh of layer S under axial load of 1GS 

For the layer S with bulk modulus of 450 ksi under an axial load of 2GS, the 

contour of    , defined as shear strain in XY plane, at the interface of the steel and the 
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elastomer, is plotted in Figure 4.4. The longitudinal axis is along the top border of the 

figure and the strain contour of the other (not plotted) half should be symmetric about the 

longitudinal axis. The maximum values of     occur at the two ends of the longitudinal 

axis. Similarly, the contour of    , defined as shear strain in the YZ plane, at the 

elastomer and steel interface, is plotted in Figure 4.5. The maximum values of     can 

also be found at the two ends of the transverse axis. 

 

 

Figure 4.4: Contour of shear strain     for layer S under axial load of 2GS 
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Figure 4.5: Contour of shear strain     for layer S under axial load of 2GS 

The shear strain     profile along the longitudinal axis in Figure 4.4 was 

extracted and is plotted in Figure 4.6. The blue markers represent finite-element results 

while the red line is the fitted curve. The results near the two edges are erroneous because 

of the extreme mesh distortion stemming from the local stress singularity. Therefore, data 

points within one inch from the two edges were disregarded and replaced with the 

extrapolation from the interior data points. A fourth order polynomial was used for 

extrapolation in all analyses. The     profiles along the longitudinal axis were also 

extracted under various levels of axial load as presented in Figure 4.7, while     profiles 

along the transverse axis are depicted in Figure 4.8.  
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Figure 4.6:     profile along longitudinal axis for layer S under axial load of 2GS 

 

Figure 4.7:     profiles along longitudinal axis for layer S under various levels of axial 

load 
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Figure 4.8:     profiles along transverse axis for layer S under various levels of axial 

load 

A comparison of the shear strain profiles between Figure 4.7 and Figure 4.8 

demonstrates that the magnitude of shear strain in the longitudinal direction (   ) is 

greater than that in the transverse direction (   ) under the same level of axial load. 

Therefore, the shear strain in the longitudinal direction is of primary concern. Based on 

the shear strain     profiles provided in Figure 4.7, extrapolations were performed on all 

profiles. Figure 4.9 presents the     profiles after extrapolation. Similar profiles for 

layers for the M, L and XL bearings with bulk modulus values of 450 ksi under axial 

loads up to 2GS are presented in Figure 4.10, Figure 4.11 and Figure 4.12, respectively. 
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Figure 4.9: Extrapolated     profiles along longitudinal axis for layer S  

 

Figure 4.10: Extrapolated     profiles along longitudinal axis for layer M  

0 1 2 3 4 5 6 7 8 9
-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

Location (in)

 a

 

 


a
=0.5GS


a
=1.0GS


a
=1.5GS


a
=2.0GS

0 2 4 6 8 10 12 14
-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

Location (in)

 a

 

 


a
=0.5GS


a
=1.0GS


a
=1.5GS


a
=2.0GS



 76 

 

Figure 4.11: Extrapolated     profiles along longitudinal axis for layer L  

 

Figure 4.12: Extrapolated     profiles along longitudinal axis for layer XL  
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According to the strain contour in Figure 4.4, the maximum value of     occurs 

near the end of the longitudinal axis. For the case of layer S with bulk modulus value of 

450 ksi discussed above, the maximum shear strain     vs. normalized axial load    

curve is plotted in Figure 4.13 using blue markers. It is evident from the figure that the 

maximum shear strain is related to the normalized axial load with strong linearity as 

expected. 

Apart from the finite-element results, the shear strain values calculated by Method 

B of the AASHTO LRFD Specification are also incorporated for comparison: 

         (4-7) 

The AASHTO code specifies a constant value for   , which is hereinafter defined 

as Equation A: 

        (4-8) 

Alternatively a value that considers the bulk modulus and bearing geometry is 

also recommended: 

       [    (        
 

 
)] (4-9) 

in which 
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   √
  

 
 

herein after referred as Equation B 

 

Figure 4.13: Maximum     vs normalized axial load    for layer S with K = 450ksi 

As presented in Figure 4.13, the design approach provides adequate estimate of 

shear strain with reasonable redundancy. Because of the linearity of the shear strain vs 

normalized axial load curve, the secant    values at axial stress        (    ) 

are calculated from finite-element results and compared with design values to validate the 

design approach. Figure 4.14 to Figure 4.21 below present the comparison of    values 

obtained from finite-element calculations, Equation A, and Equation B in both the 

longitudinal and transverse directions for all 20 analyses covering different shape factors 

and bulk modulus values. 
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Figure 4.14:    values for layer S in longitudinal direction 

 

Figure 4.15:    values for layer M in longitudinal direction 
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Figure 4.16:    values for layer L in longitudinal direction 

 

 

Figure 4.17:    values for layer XL in longitudinal direction 
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Figure 4.18:    values for layer S in Transverse direction 

 

 

Figure 4.19:    values for layer M in Transverse direction 
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Figure 4.20:    values for layer L in Transverse direction 

 

Figure 4.21:    values for layer XL in Transverse direction 
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From the comparison of    values above, one finds: 

 The    value increases with greater shape factor for a given bulk 

modulus. 

 The    value decreases with greater bulk modulus for a given shape 

factor. 

 Predictions by Eq. A and Eq. B are reasonably close in most cases. Eq. A 

provides lower predictions of    values than Eq. B does at lower bulk 

modulus values, but higher values at higher modulus values. 

 The predictions by Eq. A are conservative in most cases, but the equation 

underpredicts the finite-element results for XL layer at lower bulk moduli, 

while the predictions by Eq. B are conservative in all cases. However, this 

does not lead to the conclusion that Eq. B is necessarily a more 

conservative choice. In design practice, the available bulk modulus values 

are obtained either from material testing or taken from the literature, and 

are close to the upper limit of the range of bulk moduli investigated in this 

study. The actual apparent bulk modulus values, unknown to the designer, 

could be significantly smaller, causing greater actual    values 

underestimated by Eq. B using experimental bulk modulus values. 

Therefore, it does not seem justifiable to use the more complex Eq. B, 

instead of the simpler but more effective Eq. A. 

 The constant value        (referred to as Eq. A in this study) is 

suggested instead of the more complex    expression in the commentary 
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of AASHTO LRFD specification (referred to as Eq. B in this study). For 

very large bearings, with shape factors greater than 15, a higher value 

       is recommended for use.  
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4.6 ROTATION STUDY 

Akin to the compression modeling, the parametric modeling related to elastomeric 

layers subjected to deformations the bearing experiences from girder rotations consists of 

20 analyses which consider all four layer sizes and five bulk modulus values. The 

normalized rotation of      was applied longitudinally (about the transverse axis) at 

the top of the model as displacement loads for all analyses. 

Table 4.3: Summary of normalized rotation deformation 

Elastomer 

layer 

Width 

(in.) 

Length 

(in.) 

Shape 

Factor "S" 
      (°) 

S 18 9 8.00 8 0.7958 

M 27 14 9.22 8 0.5847 

L 36 23 14.03 8 0.2166 

XL 48 36 20.57 8 0.0884 

 

A representative example of the deformed mesh of layer S with bulk modulus of 

450 ksi under normalized rotation of      is presented in Figure 4.22. 

 

Figure 4.22: Deformed mesh of layer S under normalized rotation of      
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For the layer S with a bulk modulus of 450 ksi under a normalized rotation of 

    , the contour of     at the interface of the steel and the elastomer, is plotted in 

Figure 4.23. The longitudinal axis is along the top border of the figure and the strain 

contour of the other (not-plotted half) is symmetric about the longitudinal axis. The 

maximum values of     occur near the two ends of the longitudinal axis.  

 

 

Figure 4.23: Contour of shear strain     for layer S under normalized rotation of 

     

The shear strain     profile along the longitudinal axis in Figure 4.23 was 

extracted and plotted in Figure 4.24. The blue markers represent finite-element results 

and the red line represents the fitted curve. The same fourth order polynomial 
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extrapolation algorithm that was deployed in compression modeling is also used for all 

rotational analyses.  

 

 

Figure 4.24:     profile along longitudinal axis for layer S under normalized rotation of 

     

For this analysis, the     profiles along the longitudinal axis for layer S were 

also extracted under various levels of normalized rotation are depicted in Figure 4.25. 

However,     profiles along the transverse axis are not presented since the rotational 

deformation and corresponding internal shear strain is of greater concern in the XY plane. 
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Figure 4.25:     profiles along longitudinal axis for layer S under various levels of 

normalized rotation 

Based on the shear strain     profiles provided in Figure 4.25, extrapolations 

were performed on all profiles. Figure 4.26 presents the     profiles after extrapolation. 

Similar profiles for layers M, L and XL with bulk modulus of 450 ksi under normalized 

rotation up to      are presented in Figure 4.27, Figure 4.28 and Figure 4.29, 

respectively. 

0 1 2 3 4 5 6 7 8 9
-3

-2

-1

0

1

2

3

4

Location (in)

 r

 

 


r
=2


r
=4


r
=6


r
=8



 89 

 

Figure 4.26: Extrapolated     profiles along longitudinal axis for layer S 

 

Figure 4.27: Extrapolated     profiles along longitudinal axis for layer M 
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Figure 4.28: Extrapolated     profiles along longitudinal axis for layer L 

 

Figure 4.29: Extrapolated     profiles along longitudinal axis for layer XL 
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As previously stated, the maximum value of     occurs near the end of the 

longitudinal axis. For the case of layer S with bulk-modulus value of 450 ksi discussed 

above, the maximum shear strain     vs. normalized rotation    up to      is 

plotted in Figure 4.30 using blue markers. It is evident from the figure that the shear 

strain is related to the normalized rotation with high linearity as with compression 

modeling. 

Likewise, the shear strain values calculated by Method B of the AASHTO LRFD 

Specification are also included for comparison. 

         (4-10) 

A constant value for    is hereinafter defined as Equation A: 

        (4-11) 

Alternatively the AASHTO LRFD Specification also recommends a value that 

considers the bulk modulus and bearing geometry: 

 

 
   

            

             
 
 

     (4-12) 

 

in which 

   √
  

 
 

herein after referred to as Equation B 
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Figure 4.30: Maximum Shear strain     vs normalized rotation    for layer S with K = 

450ksi 

As presented in Figure 4.30, the design approach provides adequate and 

reasonably conservative estimates of the shear strain under normalized rotation. Because 

of the linearity of the shear strain vs. normalized rotation curve, the secant    values at 

normalized rotation      are calculated from finite-element results and compared 

with design values from all analyses to validate the design approach. Figure 4.31 to 

Figure 4.34 below present the comparisons of    values obtained from finite-element 

calculations, Equation A, and Equation B for all 20 analyses covering all different shape 

factors and bulk modulus values. 
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Figure 4.31:    values for layer S 

 

Figure 4.32:    values for layer M 
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Figure 4.33:    values for layer L 

 

Figure 4.34:    values for layer XL 
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From the comparison of the results above, one can observe: 

 The    value decreases with greater shape factor for a given bulk 

modulus. 

 The    value increases with greater bulk modulus for a given shape 

factor. 

 The predictions by both Eq. A and Eq. B are conservative for all analyses. 

Eq. B has better agreement with the finite-element results than Eq. A for 

the range of variables considered in this study. However, this does not lead 

to the conclusion that Eq. B is superior to Eq. A. In design practice, the 

actual apparent bulk modulus values are generally unknown to designers. 

The available bulk modulus values are obtained either from material 

testing or reported previously in the literature, close to the upper limit of 

the range of bulk moduli investigated in this study, leading to very close 

predictions by Eq. A and Eq. B.  

 The constant value        (referred to as Eq. A in this study) is 

recommended for use. For very large bearings, with shape factors greater 

than 15, a lower value of        is suggested for use at designer’s 

discretion. 
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4.7 SUPERPOSITION STUDY 

The proposed total shear strain design approach states that the total shear strain is 

the superposition of the strains caused by axial load, rotation deformation and lateral 

deformation based on the linear theory assumption from the previous study. In this 

section, this assumption is examined numerically for an elastomer body that is subjected 

to a variety of deformation types. 

4.7.1 Compression and Shear 

The finite-element model of the layer L was subjected to two steps of loads: 

Step 1: the layer L was under a normalized axial load     . 

Step 2: the layer L was subjected a uniform lateral shear deformation       . 

The maximum total shear strains were evaluated by two steps: 

Step 1:                   

Step 2:                      

 The shear strain profiles of Step 1 and Step 2 are plotted in Figure 4.35, from 

which one can conclude that the profile of Load Step 2 is nearly the same as that of Step 

1 by an offset of 0.5. The validity of the superposition assumption can be further 

examined by calculating the superposition ratio, which is defined as the ratio of the 

increase in total shear strain to the shear strain caused by the last Step alone. As shown in 

Figure 4.36, the assumption of superposition is valid over the whole length, with the 

superposition ratio values near unity.  
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Figure 4.35: Shear Strain Profiles along the Longitudinal Axis for Step 1 & Step 2 

 

Figure 4.36: Profile of Superposition Ratios 
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4.7.2 Compression, Rotation and Shear 

The finite-element model of layer L is subjected to three steps of loads: 

Step 1: the layer L is under a normalized axial load     .  

Step 2: the layer L is subjected a normalized rotation     .  

Step 3: the layer L is subjected a uniform lateral shear deformation       . 

The maximum total shear strains by steps are as follows: 

Step 1:                    

Step 2:                           

Step 2:                       

 

 

Figure 4.37: Shear Strain profiles along the Longitudinal Axis for Step 1 & Step 2 
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Figure 4.38: Profile of Superposition Ratio Values for Step 2 

The shear strain profiles of Step 1 and Step 2 are plotted in Figure 4.37. It is 

evident that the profile of Step 2 (axial load and rotation) is nearly the linear 

superposition of profiles of those of axial load and rotation alone. The validity of the 

superposition assumption is further examined by calculating the superposition ratio along 

the longitudinal axis, as provided in Figure 4.38. The calculated superposition ratio 

values over the length are approximately unity except at two points where the shear 

strains are zero and the superposition ratio is singular. 
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Figure 4.39: Shear Strain Profiles along the Longitudinal Axis for Step 2 and Step 3. 

 

Figure 4.40: Profile of Superposition Ratio for Step 3 

-2

-1

0

1

2

3

4

5

0 5 10 15 20 25

γ 

Location (in) 

Comp and Rotation Comp, Rotation and Shear

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 5 10 15 20 25

Δ
γ/
γs

 

Location (in) 



 101 

Finally the shear strain profiles of Step 2 and Step 3 are provided in Figure 4.39. 

As expected and can be seen, the profile of load Step 3 is no other than an offset of 0.5 

from the profile of Step 2, which is consistent with the previous analysis. Similarly, the 

validity of the superposition assumption is further examined by calculating the 

superposition ratio over the longitudinal axis. Figure 4.40 presents the profile of the 

superposition ratio for Step 3 along the length, confirming the linear superposition 

assumption with all superposition ratio values approximately at unity. 
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4.8 SUMMARY 

Three-dimensional parametric finite-element studies of elastomeric layers under 

axial load and rotational deformation were carried out in this chapter. The analyses cover 

a wide range of bulk modulus values and shape factors (bearing sizes) that bridge the gap 

between limited bearing geometries examined in previous studies and those 

representative of high-demand applications.  

The parametric finite-element studies show that the total shear strain approach 

based on Method B of the AASHTO specification provides adequate estimates over a 

wide spectrum of analyses with reasonable safety margin. 

The constant values        and        (referred as Eq. A in this study) are 

suggested instead of the more complex expressions in the commentary of the AASHTO 

LRFD specification (referred as to Eq. B in this study). For bearings consisting of very 

large and thin elastomeric layers with shape factors greater than 15,        and 

       are recommended for use at the designer’s discretion.  

The linear superposition assumption upon which the total shear strain approach is 

based was examined. The finite-element analyses confirm that this assumption is valid 

under complex deformations that combine compression, rotation and shear with 

calculated shear strains ranging from 3.3 to 5.3. 
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Chapter 5:  Structural Response of the Bridge under Thermal Loads 

5.1 INTRODUCTION 

Bridge structures undergo daily and annual temperature cycles resulting from heat 

transfer through three principal mechanisms: solar radiation, re-radiation from the 

surrounding environment, and ambient air convection.  

In general, a steady-state thermal condition does not exist within the bridge, and 

as a result temperature variations are constantly occurring over time leading to a non-

uniform temperature distribution within the bridge. During a daily thermal cycle, the 

bridge heats up in the day and cools down at night. Portions of the bridge that are directly 

exposed to solar radiation experience faster temperature rises shaded regions. In 

combination with the difference in thermal conductivity between the steel and concrete 

materials, uneven heating and cooling can lead to significant non-linear temperature 

gradients throughout the bridge. 

As a result of temperature variations, the bridge structure experiences thermal 

expansion and contraction. The existence of nonlinear thermal gradients and the mixture 

of two materials of different coefficients of thermal expansion result in internal restraints 

to thermal deformations, leading to complex thermal movements that include longitudinal 

and transverse translations as well as rotations at each bridge support that should be 

calculated and accounted for in the design of bridge bearings. 

 In common design practice, while both translations and rotation caused by 

vehicular truck traffic at a bridge support can be evaluated with computer programs, for 

simplicity, only uniform thermally-induced translations are usually evaluated. The 

complexity of thermal structural response generally increases in continuous curved steel 

trapezoidal box girder systems. The impacts of nonlinear temperature distributions and 
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geometric complexities on the demands for bridge bearings to accommodate thermally-

induced movements remain unclear. Large-sized elastomeric bearings with relatively 

high shape factors that might often be used in high-demand applications are nevertheless 

much more susceptible to complex thermal reactions, particularly rotations, than 

conventional elastomeric bearings. It is, therefore, imperative to perform thermal 

structural simulations of a bridge system representative of a high-demand applications 

under thermal loads with long-term return periods to find out a) whether thermally-

induced reactions at the bridge supports are in a moderate range to justify the use of 

large-sized elastomeric bearings, and b) whether the design procedure is capable of 

providing adequate estimates of thermal movements for the bearing design. 

In this chapter, a finite-element model that investigates the thermal movements of 

a continuous curved steel trapezoidal box girder system under thermal loads is developed 

and validated by the field measurements from the NB I-35 and EB 290 direct connector 

bridge that was instrumented as part of this study. A discussion is provided of the factors 

that contribute to the thermal behavior of the structure and the of design consideration.  

5.2 FINITE ELEMENT MODEL OF THE BRIDGE 

This section provides an overview of the finite-element model for the thermal 

structural response of a curved steel trapezoidal box girder bridge, conducted in ANSYS 

v14.0. The model is based on the bridge that was instrumented as described earlier. The 

instrumented bridge is a continuous curved twin trapezoidal box girder system. While the 

bridge is curved over much of its length, there is a point of tangency in the second span 

where the geometry changes from straight to curved. The length of the straight segment is 

325.9 ft along the center line of the bridge, while the length of the curved segment is 
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554.1 ft along the center line with the radius of curvature being 458.4 ft. The bridge unit 

has four spans, the lengths of which are 210 ft, 230 ft, 230 ft, and 210 ft. 

The trapezoidal box girders are composite with the 8-inch thick concrete deck is 

placed on the steel trapezoidal box girders. In the finite-element model, the thickness of 

web and flanges varied over the length in accordance with the design drawings. The 

super-elevation of the bridge unit along the length was also considered in the model. 

The three-dimensional ANSYS model of the bridge and its transverse sectional 

view are depicted in Figure 5.1 and Figure 5.2. A mesh-sensitivity study was performed 

by increasing the number of elements both along the length and depth of the steel girder 

and concrete deck. The results were compared in terms of bearing movement between the 

individual analyses. In such an analysis, the mesh was regarded as fine enough if the 

differences were less than 5% in the displacement results between two mesh densities.  

 

 

Figure 5.1: Three-dimensional ANSYS Finite Element Model 
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Figure 5.2: Two-dimensional ANSYS Finite Element Model 

5.2.1 Material properties 

The steel and concrete were assumed to be linear elastic materials in the model. 

Their material properties are tabulated in Table 5.1. 

Table 5.1: Material Properties 

 Steel Concrete 

Young’s Modulus (ksi) 29000 3425 

Posisson’s Ratio 0.3 0.2 

Coefficient of Thermal Expansion (in/in/°F) 6.5×10
-6

 5.5×10
-6

 

Density (lb/ft
3
) 490 150 
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5.2.2 Element Types 

The elements used in the model are listed in Table 5.2. A brief introduction is 

provided as follows: 

Table 5.2: Element Types 

 Element Types 

Concrete Deck SOLID186 

Steel Girders SHELL281 

Braces LINK180 

Elastomeric Bearings COMBIN14 

 

SOLID186 is a 3-D 20-node solid element with three translational degrees of 

freedom at each node. SHELL281 is a 3D 8-node shell element with three translational 

and three rotational degrees of freedom at each node. Both SOLID186 and SHELL281 

feature quadratic displacement shape functions which are well suited to model the 

concrete deck and steel girders, respectively. These elements have the ability to model 

either straight or curved girder geometries. Diaphragms and stiffeners inside the steel 

girders were also modeled with SHELL281. Meanwhile, the 3D space truss element 

LINK180 was used for modeling internal braces. This element is a two-node uniaxial 

tension-compression element with three translational degrees of freedom at each node. 

Elastomeric bearings were modeled using a unidirectional linear spring element 

COMBIN14. 

5.2.3 Bridge Supports 

As illustrated in Figure 5.3, the superstructure of the bridge is fixed at Bent 3 and 

is free to move at the Abutment, Bent 2, Bent 4, and Bent 5. 
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Figure 5.3: Support Conditions of the Bridge in FE Model 

The elastomeric bearings were modeled as two orthogonal unidirectional linear 

springs in the longitudinal and transverse directions at each bridge support. The stiffness 

of the elastomeric bearings can be calculated as: 

          
  

   
 (5-1) 

where A is the plan area of the bearing; G is the shear modulus;     is total elastomer 

height. The calculated bearing stiffness values are listed in Table 5.3. 

Table 5.3: Elastomeric Bearing Stiffness 

 Abutment Bent 2 Bent 3 Bent 4 Bent 5 

Stiffness (k/in) 8.9 27.5 Fixed 27.5 8.9 

 

  

Fixed 

Multi-directional 

ABUTMENT BENT 2 
BENT 3 

BENT 4 

BENT 5 
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5.2.4 Thermal loads 

Chen (2008) developed a set of design thermal loads for investigating the thermal 

response of composite bridges. The design thermal loads are statistical models that reflect 

the impact of various environmental factors including solar radiation, wind speed, and 

ambient air temperature, with its thermal parameters obtained from the finite element 

thermal modeling with long term historic weather data in Texas. 

The thermal loads are expressed in terms of effective temperature Te, non-linear 

vertical temperature gradient Tv, and transverse linear temperature gradient Th. The 

effective temperature represents the uniform body temperature change of the bridge. The 

non-linear vertical temperature gradient is associated with the daily heating and cooling 

while the transverse linear temperature gradient stems from solar radiation from the sides. 

The non-linear vertical temperature gradients for heating and cooling are presented in 

Figure 5.4 and Figure 5.5. 

 

 

Figure 5.4: Vertical Temperature Distribution for Heating 
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Figure 5.5: Vertical Temperature Gradient for Cooling 

Thermal parameters with return periods of 1, 10, and 100 years for design thermal 

loads are tabulated in Table 5.4. Thermal loads with 100-year return period are selected 

for thermal structural response modeling in this analysis. 

Table 5.4: Thermal Parameters with Different Return Period 

Return Period 100 Years 10 Years 1 Years 

Te,max 120.8 116.6 112.4 

Te,min -7.6 1.9 11.3 

Th,max 18.93 17.13 15.32 

T1,heating 28.2 26.2 24.3 

(T1-T2)heating 37.3 34.9 32.4 

(T3-T2)heating 5.1 4.6 4.1 

T1,cooling -6.5 -5.5 -4.3 

(T2-T1)cooling 23.6 20.1 16.7 

(T2-T3)cooling 31.8 27.9 24.0 
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During the annual and daily thermal cycles, the critical thermal loads are 

produced by the combinations of effective bridge temperature and thermal gradients. 

However, the full combination of effective bridge temperature and both vertical and 

horizontal temperature gradients are overly conservative because the extreme values of 

vertical and horizontal temperature gradients do not occur simultaneously. When the 

maximum value of one is reached, the value of other is usually negligible in magnitude. 

Therefore, appropriate critical combinations of thermal loads include the following eight 

cases 

Table 5.5: Critical Thermal load Combinations 

Case Number Season Thermal Loads Note 

Case S1 Summer Te,max + Tv,heating Heating 

Case S2 Summer Te,max + Tv,cooling Cooling 

Case S3 Summer Te,max + Th,exterior Side solar radiation on exterior girder 

Case S4 Summer Te,max + Th,interior Side solar radiation on interior girder 

Case W1 Winter Te,min + Tv,heating Heating 

Case W2 Winter Te,min + Tv,cooling Cooling 

Case W3 Winter Te,min + Th,exterior Side solar radiation on exterior girder 

Case W4 Winter Te,min + Th,interior Side solar radiation on interior girder 
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5.3 RESULTS 

5.3.1 Translational movement 

This section provides girder translational movements calculated from all eight 

thermal analysis cases at each bridge support as illustrated in Figure 5.6-5.9. All girder 

thermal movements presented in the figures are obtained from the interior girder only 

because differences of thermal movements between the two girders are found to be 

negligible. All girder translational thermal movements are represented with respect to the 

local coordinate system where one axis is parallel to the longitudinal direction of the 

girder at the support, while the other is perpendicular to the girder. 

 

 

Figure 5.6: Translational Thermal Movements at Abutment 
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Figure 5.7: Translational Thermal Movements at Bent 2 

 

 

Figure 5.8: Translational Thermal Movements at Bent 4 
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Figure 5.9: Translational Thermal Movements at Bent 2 
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the longitudinal and transverse directions and compared with field measurements of 

bearing movements and original design calculations in Figure 5.10 and Figure 5.11. 

 

 

Figure 5.10: Longitudinal Thermal Movements (inch) 
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Figure 5.11: Transverse Thermal Movements (inch) 
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is counteracted by the thermal movement of the other bridge unit placed on the same pier 

cap. 

As shown in Figure 5.11, measured transverse bearing movements are generally 

within the predictions of design calculations and finite-element analysis except at 

Abutment/Bent 1 where the design calculation fails to predict the transverse girder 

movement at straight segment of bridge unit. This discrepancy is due to the fact that the 

design calculation usually does not consider the transverse gradient, which was found to 

have profound impact on thermal structural response by finite-element analysis 

conducted earlier in this section. 

5.3.2 Rotation 

The ranges of longitudinal girder rotation at each support were calculated from 

the same finite-element analyses conducted in the last section, as listed in Table 5.6. 

Table 5.6: Ranges of Rotation by Finite-element Thermal Structural Anysis 

 Abutment Bent 2 Bent 4 Bent 5 

Rotation (°) 0.007 0.003 0.044 0.101 

 

However, difficulties arise in an attempt to validate the calculated thermally-

induced rotations using instrumentation measurements because the inclinometers that 

were used can only measure instantaneous girder rotations stemming from combined 

effects of relatively slowly-varying thermal loads and transient traffic loads. Therefore, 

the structural response due to the thermal and traffic loads needs to be separated. 

A time-frequency analysis approach was adopted in this study to separate rotation 

measurements caused by different loads. The traffic-induced structural response was 
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characterized by its relatively short duration due to the transient nature of vehicular 

traffic. The thermal loads on the bridge structure, conversely, are acting over a much 

longer time scale. Therefore, traffic structural response has an appearance that is similar 

in form to high-frequency “noise”, while the thermal effect is similar to the low-

frequency “signal”. Mapping the measurements from the time domain to the frequency 

domain can decompose all values into components of different frequencies, so that the 

high-frequency “noise” can be separated from the low-frequency “signal” with ease. A 

type of discrete Fourier transform algorithm, the Fast Fourier Transform (FFT), was used. 

 

 

Figure 5.12: Longitudinal Rotation Measured at Abutment 
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An example is given in Figure 5.12 presenting the girder rotation measurements at 

the Abutment between 03/13/2013 and 03/19/3013. Fast Fourier Transform analysis was 

first performed to map the data from the time domain to the frequency domain. 

 

Figure 5.13: Frequency Domain 
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Figure 5.14: Calculated Longitudinal Rotation due to Thermal Load 

 

Figure 5.15: Temperature Time History 
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The filtered thermal response time history in Figure 5.14 exhibits a visually 

observable pattern of fluctuation as a function of time of day and is agreeably 

synchronized with the temperature time history during this period of time as presented in 

Figure 5.15. The range the thermally-induced rotation is found to be less than 0.08° for 

this analysis. Although this number is in relative terms much higher than the finite-

element prediction which is near zero, it is nevertheless insignificant in absolute 

magnitude and in comparison with those caused by dead loads and traffic loads. It 

therefore validates the assumption that the rotation caused by thermal effects is negligible 

for the elastomeric bearing design even in high-demand applications. 

5.4 SUMMARY 

This chapter presented three-dimensional finite-element analyses of a continuous 

curved steel trapezoidal box girder structure investigating its thermally-induced 

movements including translational movements and rotations under thermal loads with 

100-year return period. The finite-element results were also validated by measurements 

from field monitoring of the modeled bridge, providing insight into the design 

calculations of elastomeric bearings for high-demand application under thermal loads. 

The common design practice in which only uniform thermally-induced 

translations are calculated for simplicity provides adequate estimate of longitudinal girder 

translations with reasonable redundancy. It might, however, considerably under-predict 

the transverse girder movement due to the fact that the design calculation does not 

consider the transverse gradient, which also has profound impact on thermal structural 

response as demonstrated by finite-element analysis earlier in this chapter. It is 
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recommended that the transverse thermal gradient be accounted for in calculating 

thermally-induced girder translations for the elastomeric bearing design. 

Thermally-induced rotations are found to be insignificant as indicated by both 

finite-element calculations and field measurements. They are negligible in the 

elastomeric bearing design for bridges of high-demand applications. 
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Chapter 6:  Investigation of Distressed Bearings  

6.1 PROBLEM DESCRIPTION 

As previously discussed in Chapter 1, a number of elastomeric bearings used in 

the direct connector bridge that was monitored in North Austin were found to be 

defective to various degrees during periodic maintenance inspections. One of the bearings 

was severely distressed. To understand the cause of damage, the research team conducted 

a series of measurements of all related bearings during the decommissioning of the field 

instrumentation. 

Figure 6.1 illustrates the plan of the bridge that was studied. It consists of two 

steel trapezoidal box girders mounted on one abutment and four pier caps. Two 

elastomeric bearings of identical dimensions are used at each bent. The red boxes indicate 

where the damaged bearings are located. 

 

 

Figure 6.1: Plan of IH-35 NB & US-290 EB Direct Connector 

  

BENT 1/ ABUTMENT BENT 2 
BENT 3 

BENT 4 

BENT 5 

GIRDER 1 

GIRDER 2 



 124 

The dimensions of the elastomeric bearings on the bridge are tabulated in Table 

6.1. The support at Bent 3 consisted of a steel rocker and is therefore not included. 

Table 6.1: Bearing Dimensions per Location 

 L W t S n 

Abutment 14 27 0.5 9.22 7 

Bent 2 21 36 0.5 13.26 4 

Bent 4 21 36 0.5 13.26 4 

Bent 5 14 27 0.5 9.22 7 

 

Excessive bearing damage was observed under Girder 1 at Bent 4, as illustrated in 

Figure 6.2 and Figure 6.3. Transverse slipping has taken place between the bearing and 

the superstructure. This bearing appears to be crushed on the side facing Girder 2. The 

interior elastomer was extruded from the layer thereby causing a significant reduction of 

the vertical stiffness. Meanwhile, lift-off is evident on the other side of the bearing. 

 

 

Figure 6.2: Distressed Bearing for Girder 1, Bent 4 
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Figure 6.3: Distressed Bearing for Girder 1, Bent 4 

Another bearing for Girder 1 at Bent 5 was also found to be damaged, though to a 

lesser degree, as can be seen in Figure 6.4. Bearing bulging and a small amount of 

elastomer extrusion were observed near the end that faces Girder 2. 

 

 

Figure 6.4: Bearing with Damage for Girder 1, Bent 5 
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6.2 METHODS 

To investigate the cause of the damage on the bearings, measurements of the as-

constructed condition of the bent caps were desired so that the stress levels on the bearing 

could be assessed. The desired measurements were the static biaxial rotations that were 

applied on each of the eight elastomeric bearings of interest as well as the determination 

of the maximum resulting shear strains that the bearings may have undergone based on 

the rotational measurements. Because the orientation of the bearings vary over the length 

of the curved bridge, the sign conventions at each bearing are defined with respect to the 

local longitudinal direction for clarity, as illustrated in Figure: 6.5. 

 

 

Figure: 6.5: Sign Conventions of a Bearing 
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which the bearings are mounted and the potential impact on the accuracy of the 

measurements.. 

 

 

Figure 6.6: Digital Level Sticking to the Steel Sole Plate 

 

 

Figure 6.7: Digital Level on the Concrete Surface 

Digital levels (Craftsman 48295) were used to measure the angle of inclination on 

the surfaces of both the concrete bearing seat and the upper steel sole plate along the four 
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edges of each bearing. This device features a digital display and can measure the angle of 

a surface from 0° to 90° with an accuracy of 0.1°. The base of the level is magnetic and 

can attach to the bottom of the upper sole pate above the bearing, as shown in Figure 6.6. 

While measuring the angle on the concrete surface, the digital level was mounted on a 

long rectangular wood plate to avoid the erroneous readings due to the unevenness of 

surface as illustrated in Figure 6.7. Thus the subtraction of the angle on the concrete 

surface from that on the sole plate is the total rotational angle imposed on the elastomeric 

bearings. 

 

 

Figure 6.8: Measuring with Inside Caliper 

Figure 6.8 demonstrates an alternative method of measuring the rotational angle 

using a digital inside caliper (iGAGING). This device is accurate to 0.01 inch. The 

vertical distance values between the upper steel sole plates and lower concrete bearing 

mount at the four corners of each bearing were measured. The angle of rotation along the 

four edges of a bearing can therefore be calculated. 
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The two methods that were used have approximately the same degree of accuracy. 

As a result of surface unevenness of the concrete surface, the local angle of inclination 

can vary considerably on bearing seats. The measurements by digital level can be seen as 

a representation of the angle of inclination near the center of an edge, while the inside 

caliper provides results that are more representative of the averaged angle along an edge. 

6.3 MEASUREMENTS 

The measurements of all eight bearings by the two methods are presented in Table 

6.2. The measurements are in degrees. The definitions of the measurements are provided 

below the table. 

Table 6.2: Measurements of Angles 

    Girder 1 Girder 2 

    Longitudinal Transverse Longitudinal Transverse 

    Edge2 Edge4 Edge1 Edge3 Edge2 Edge4 Edge1 Edge3 

Bent 

1 

     0.1 0.1 N/A 0.0 0.2 0.2 N/A 0.0 

     -0.5 -0.4 N/A -0.1 -0.4 -0.4 N/A -0.1 

     0.6 0.5 N/A 0.1 0.6 0.6 N/A 0.1 

     0.7 0.49 -0.09 0.02 0.57 0.57 -0.04 -0.04 

Bent 

2 

     0.2 0.3 -0.2 -0.2 0.0 0.1 -0.1 -0.1 

     0.6 0.6 0.1 0.0 0.0 0.2 0.1 0.1 

     -0.4 -0.3 -0.3 -0.2 0.0 -0.1 -0.2 -0.2 

     -0.44 -0.33 -0.24 -0.3 -0.16 -0.06 -0.03 -0.1 

Bent 

4 

     0.0 0.1 -0.3 -0.3 -0.2 -0.1 -0.1 0.0 

     0.3 -0.4 0.6 1.2 0.1 0.3 0.3 0.2 

     -0.3 0.5 -0.9 -1.5 -0.3 -0.4 -0.4 -0.2 

     -0.38 0.6 -0.89 -1.46 -0.22 -0.41 -0.29 -0.18 

Bent 

4 

     0.4 0.5 -0.8 N/A 0.1 0.1 -1.0 N/A 

     0.2 0.9 0.3 N/A -0.2 0.2 -0.2 N/A 

     0.2 -0.4 -1.1 N/A 0.3 -0.1 -0.8 N/A 

     -0.04 N/A -0.93 N/A 0.12 N/A -0.83 N/A 
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where:  

     : Angle of inclination on the upper steel sole plate measured by digital level, 

     : Angle of inclination on the lower concrete mount measured by digital level, 

     : Total angle of rotation by digital level, 

     : Angle of rotation calculated by inside caliper measurements. 

It can be seen that the measurements by the digital level and inside caliper are 

very close, with the differences generally less than 0.1° with only few cases approaching 

0.2° difference. The angles of inclination on the surface of steel sole plates by digital 

level are very consistent. The differences between those of two parallel edges are all 

within 0.1°. However, pronounced differences between the two parallel edges on the 

surface of concrete mount are discovered. Taking the bearing for Girder 1 at Bent 4 for 

example, the angles of inclination on edge 1 and edge 3 differ by 0.6°, revealing that a 

significant amount of surface unevenness is present in both global and local scales. 

Figure 6.9 and Figure 6.10 summarize the maximum longitudinal and transverse 

angles of rotation applied on each bearing that have been determined, showing that a 

large angle of rotation occurs in bearings for Girder 1 at Bent 4 and Bent 5 in the 

transverse direction. These were the two distressed bearings. 
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Figure 6.9: Maximum Angles of Rotation Imposed on Bearings for Girder 1 

 

 

Figure 6.10: Maximum Angles of Rotation Imposed on Bearings for Girder 2 
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The maximum shear strains    due to static rotations on the edge of interior 

elastomer layer of all bearings are calculated and presented in Table 6.3 based on the 

maximum angles of rotation that were measured using the proposed design methodology 

discussed in Chapter 4. 

Table 6.3: Maximum Shear Strain    due to Static Rotation 

 Girder 1 Girder 2 

 Longitudinal Transverse Longitudinal Transverse 

Bent 1 0.60 0.32 0.51 0.32 

Bent 2 -1.35 -2.71 -0.49 -1.81 

Bent 4 1.85 -13.57 -1.26 -3.62 

Bent 5 -0.34 -3.50 0.26 -2.64 

 

The maximum shear strains    due to static axial load on the edge of the interior 

elastomer layer of all bearings were also calculated and are presented in Table 6.4 based 

on the maximum dead-load values used for design. The two bearings used at each bent 

have the same maximum dead loads. 

Table 6.4: Maximum Shear Strain    due to Dead Load 

 Max DL (kips) shear strain "" 

Bent 1 222 0.89 

Bent 2 816 1.14 

Bent 4 949 1.33 

Bent 5 373 1.50 

 

Figure 6.11 and Figure 6.12 summarize the magnitudes of maximum shear strains 

of the bearings in both the longitudinal and transverse directions under the combined 

effect of imposed static rotations and maximum dead loads given in Table 6.3 and Table 

6.4. Significant shear strains are discovered on the bearing used for Girder 1, at Bent 4 
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and Bent 5, without even including the effects of lateral deformation and dynamic effects. 

The severely-distressed bearing has a calculated shear strain of 14.90 transversely, which 

is almost three times larger than the allowed limit. The lightly-damaged bearing has a 

calculated strain of 5.0, which will certainly be increased when other effects are 

considered. Therefore, a reasonable conclusion would be that the observed damage of the 

two bearings for Girder 1 is the direct result of the excessive transverse angle of 

inclination on the concrete bearing seat surface. 

 

 

Figure 6.11: Max Shear Strains on Bearings for Girder 1 under DL and Rotation 
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Figure 6.12: Max Shear Strains on Bearings for Girder 2 under DL and Rotation 

 

6.4 SUMMARY 

This Chapter summarized an investigation of a number of elastomeric bearings, 

two of which are damaged to different degrees, used on the instrumented bridge in North 

Austin. Two independent field-measurement approaches were developed that measure 

and calculate the longitudinal and transverse angles of rotation that each elastomeric 

bearing is subjected to. 

The results reveal that the two damaged bearings are subjected to excessive 

amounts of transverse rotation. Further analyses by calculating the maximum shear strain 

of all bearings using the proposed design approach confirmed that the observed bearing 

damage is the direct result of the excessive transverse angle of inclination on the concrete 

bearing seat surface. This as well serves as compelling proof of the validity of the 

proposed design approach in this study. 
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It is advised that necessary measures and caution should be exercised during 

construction to ensure that the concrete supporting surface is constructed within 

tolerances to avoid damage of the bearings.. 
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Chapter 7:  Summary and Recommendations 

This research reported in this dissertation is part of a research project that 

included material studies, full-scale testing, field monitoring, and finite-element studies, 

with the goal of extending the use of elastomeric bearings to high-demand applications. 

The investigation focuses primarily on finite-element studies of elastomeric bearings in 

comparison with laboratory and field measurements, in an effort to facilitate the 

development of a reliable elastomeric bearing design methodology for both conventional 

and high-demand use in Texas bridges with improved economy and serviceability. 

Although past bridge design practice includes applications of elastomeric bearings 

in two steel trapezoidal box girder systems in Central Texas, the use of elastomeric 

bearings in high-demand application is largely impeded by historical and current bearing 

design provisions at national and state levels: The unduly restrictive compressive and 

rotational limits disqualify the potential use of large-sized elastomeric bearings. 

However, a recent study has led to major revisions to latest version of AASHTO 

specification (2012), introducing the total shear strain approach in Method B of 

AASHTO specifications.  

The development of a bearing design procedure based on the total shear strain 

approach along with necessary modifications for bearings of high-demand applications, 

in lieu of separate criteria for compressive, rotational, and shear deformation limits, was 

targeted in this research. The total shear strain approach was developed on the basis of 

previous studies on conventional bearings used in short-to-moderate span systems. Prior 
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to this study, whether this approach is applicable to large-sized bearings for high-demand 

applications was unclear without sufficient field, laboratory, and numerical 

investigations.  

Measurements from full-scale testing facilitated the calibration of necessary 

material coefficients using an analytical model developed in this work, leading to the 

successful development of a three-dimensional finite-element model capable of 

simulating the behavior of elastomeric bearings in full-scale compression, shear, and 

rotation testing. The finite-element and experimental results are in good agreement both 

qualitatively and quantitatively. The validated finite-element model was used to establish 

a valid relation between external loads and important internal quantities such as stress 

and strain and perform a more comprehensive parametric finite-element study. 

Three-dimensional parametric finite-element studies of elastomeric layers under 

axial load and rotational deformation were carried out. The analyses cover a wide range 

of bulk-modulus values and shape factors (ranging from 8 to 20) that bridge the gap 

between limited bearing geometries examined in previous studies and those 

representative in high-demand applications. The results of parametric finite-element 

studies led to following major conclusions and recommendations: 

 The proposed total shear strain approach based on Method B of the AASHTO 

specifications provides adequate estimates of shear strains under given axial 

loads and rotational deformation over a wide spectrum of analyses with 

reasonable safety margin. 
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 The linear superposition assumption, upon which the total shear strain 

approach is based, was examined and was confirmed valid under complex 

deformations that combine compression, rotation and shear with calculated 

shear strains ranging from 3.3 to 5.3. 

 Constant dimensionless coefficients of    = 1.4 and    = 0.5 for 

calculating shear strains caused by axial load and rotation are recommended 

instead of the more complex expressions provided in the commentary of 

AASHTO LRFD specifications. For bearings consisting of very large and thin 

elastomeric layers with shape factors greater than 15,    = 1.8 and    = 0.4 

are recommended for use at the designer’s discretion. 

 A higher compressive static stress limit of 2.0 GS is recommended, 

corroborated by the observation from full-scale testing. Current TxDOT 

bearing design provisions limit the dead load compressive stress under the 

lesser of 1.20 ksi and 1.2 GS, and total compressive stress under the lesser of 

1.5 ksi and 1.5 GS. This limit, albeit reasonable for the design of smaller 

bearings, is not only unnecessarily conservative for bearings with high shape 

factors and but also creates counterproductive safety implications in some 

cases. Over-conservative compressive stress limit leads to excessive bearing 

dimensions in design, which severely undermines the rotation performance of 

bearings and exacerbates their susceptibility to slipping in cold weather. 

 

The proposed elastomeric bearing design recommendation reveals that large-sized 

elastomeric bearings with high shape factors used in high-demand applications are more 

susceptible to complex reactions, particularly rotations, than conventional elastomeric 
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bearings. In an attempt to better understand the demands on elastomeric bearings to 

accommodate thermally-induced girder movements, a three-dimensional finite-element 

study of a continuous curved steel trapezoidal box girder system (IH-35 NB & US-290 

EB direct connector) was carried out to investigate the translational movements and 

rotations imposed on elastomeric bearings under thermal loads with 100-year return 

period, and validated by instrumentation measurements from field monitoring. The 

results of finite-element study on thermal structural response provide valuable insight 

into the design calculations in determining demands on elastomeric bearings under 

thermal loads in high-demand application: 

 The common design practice in which only uniform thermally-induced 

translations are calculated for simplicity provides adequate estimate of 

longitudinal girder translations with reasonable conservatism. 

 Common design practices considerably under-predict the transverse girder 

movements due to the fact that the design calculation does not consider the 

transverse gradient. It is recommended that the transverse thermal gradient be 

accounted for in calculating thermally-induced girder translations for the 

elastomeric bearing design. 

 Thermally-induced rotations are found to be insignificant and negligible in the 

elastomeric bearing design. They are less of concern than traffic-induced 

rotations. 

During the decommissioning of field instrumentation, a field investigation was 

carried out on elastomeric bearings used on the instrumented bridge in North Austin. 

While most of the investigated bearings are functioning well with no discernible sign of 
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distress, two bearings were found to be damaged to different extents. Two independent 

field-measurement approaches were developed that measured and calculated the 

longitudinal and transverse angles of static rotation that each elastomeric bearing is 

subjected to. 

The results reveal that the two damaged bearings are subjected to excessive 

transverse rotations. Further analyses by calculating the maximum shear strain of all 

bearings using the proposed design approach confirmed that the observed bearing 

damage is the direct result of the excessive transverse angle of inclination on the concrete 

bearing seat surface due to poor quality of the as-constructed pier caps/bearing seats. This 

as well serves as compelling proof of the validity of the proposed design approach in this 

study. 

As the result of field investigation on damaged elastomeric bearings, it is advised 

that necessary measures and caution should be exercised during construction to ensure 

that the concrete seat is cast or otherwise made level. 
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