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ABSTRACT 
 

Response of Continuous Steel I-Girder Bridges Subject to Temperature Variation 
 

Christopher L. Beckett 
 

Thermal deformation of the superstructure in continuous slab-on-girder bridges must be 
freely permitted to avoid potential adverse behavior due to the development of thermal 
forces.  The use of fixed and guided bearings can introduce a significant amount of 
restraint against thermal deformation that, if not accommodated by the supporting piers, 
will lead to thermal stresses throughout the structure, most notably in substructure 
elements (piercaps, bearing assemblies, bearing anchor bolts).  The potential effects of 
restrained thermal deformation in steel I-girder bridges have not been clearly 
demonstrated.  Additionally, the method provided in AASHTO specifications for 
orienting guided expansion bearings on horizontally curved bridges could foster the 
development of thermal stresses. 
 
The main goal of this work is to demonstrate and quantify the effect of restrained thermal 
deformation in an in-service horizontally curved continuous steel I-girder bridge.  A 
second goal is to determine what bearing arrangement scheme is most preferable for 
minimizing thermal forces.  The study presented here includes a comprehensive 
background discussion, detailed literature review on current concepts regarding the 
behavior of horizontally curved bridges subject to thermal loads, consequences of 
inhibited thermal deformation, findings from a field investigation of an in-service steel I-
girder bridge, and finite element analysis (FEA).   
 
Finite element analysis is utilized to verify whether or not behaviors documented during a 
field investigation of the in-service bridge are a result of restrained thermal deformation 
of the steel I-girder superstructure.  During the field inspection, several unfavorable 
conditions were observed including bent bearing anchor bolts, deformation around the 
bearing devices, and significant cracking of the reinforced concrete support piers.  To 
investigate these behaviors, 3D finite element modeling of the bridge was completed.  
Analysis of the FEA study indicates that these behaviors likely result from restrained 
thermal deformation of the bridge's superstructure.  It is found that while lateral pier 
flexure allows thermal stresses in the superstructure to remain at an acceptable level, 
stresses in the substructure exceed critical values.   
 
Additionally, FEA is employed to determine what bearing arrangement scheme is 
preferred for maximizing thermal deformation of the bridge's horizontally curved 
superstructure, thereby minimizing the possibility that harmful effects may develop.  The 
bridge's geometry, span configuration and location of the support piers remain unchanged 
so that only the boundary conditions are modified.  The study shows that placing fixed 
bearing assemblies near the bridge's point of zero movement and employing expansion 
bearing devices at all other support locations results in the most preferable state of stress 
throughout the bridge. 
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CHAPTER ONE 

Introduction 

 

1.1 Overview 

 Given the aging, often deficient state of highway infrastructure throughout the 

United States, specifically the nation's numerous steel bridge structures, the inevitability 

of new construction is on the horizon, if not more urgent.  Many of these bridges will 

require very considerable upgrading while many more need replaced altogether.  A 

popular design solution among bridge designers are continuous steel I-girder bridges.  

These slab-on-girder type structures are an attractive design choice for several reasons 

including long-term economy, aesthetics and most notably, geometric freedom.  Steel I-

girders can be designed to traverse nearly any layout while requiring a relatively small 

footprint when placed on individual support piers.  Specifically, the use of horizontally 

curved steel I-girder bridges has become quite commonplace over the last few decades, 

especially in scenarios where horizontal curvature is needed, such as in urban areas and 

within highway interchanges, as shown in Figure 1.1.     

 

 

 

 

 

  

   
Figure 1.1.  Horizontally curved steel I-girder bridges 
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 An important design aspect within continuous steel girder bridges is effectively 

permitting the superstructure (steel girders, concrete bridge deck) to undergo thermal 

movements (expansion and contraction) when subjected to temperature variations (i.e. 

thermal loading).  If thermal deformation of a bridge's steel superstructure is not freely 

allowed, or if thermal movements become restrained during the life of the structure, 

thermal force effects will develop throughout a continuous bridge, negatively influencing 

its structural integrity.  William et al. (2005) and McBride (2013) showed that when 

restrained, thermal expansion of a steel girder superstructure can lead to relatively large 

thermal stresses that reduce the expected structural capacity of the steel I-girders.  

Additionally, these thermal forces are transmitted to various substructure elements and 

may lead to unfavorable responses (Moorty and Roeder 1992a, Moorty and Roeder 

1992b, Croft 1994).   

 On a typical steel I-girder bridge, various types of bridge bearings are 

strategically employed to allow the superstructure to undergo a full range of thermal 

movements, thereby minimizing the potential development of thermal forces.  Bridge 

expansion bearings are normally selected to accomplish this.  Selection and alignment of 

bridge bearing devices is vital to minimizing thermal stresses throughout a bridge system, 

especially in relatively lengthy structures.  A simple examination of the equation for 

calculating longitudinal displacement of structural members subject to a thermal load 

(Equation 1.1) reveals that as the length of a member increases, the magnitude of thermal 

displacement increases as well.  In a structure with continuous members, the magnitude 

of thermal displacement can be quite large and accommodating these movements 

becomes increasingly difficult (Emanuel and Hulsey 1985).  Proper alignment of the 
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expansion bearings during bridge construction is a vital procedure if thermal forces (and 

stresses) are to be avoided.  In straight bridges, this initial alignment is relatively straight 

forward by utilizing Equation 1.1.   

  

 

 On a horizontally curved structure, orienting bridge expansion bearings can be an 

arduous process due to the complex nature of thermal movement within curved structural 

members.  A lack of detailed guidance makes the process of orienting expansion bearings 

on horizontally curved bridges even more difficult.  In recent American Association of 

State Highway and Transportation Officials (AASHTO) bridge design specifications 

(AASHTO 2003, 2007), minimal guidance is provided concerning the behavior of 

horizontally curved bridges subjected to thermal loads.  The sole equation specified for 

calculating the magnitude of thermal deformation (1.1) is only applicable to straight 

girders.  As well, no actual design specification is provided governing horizontally 

curved steel members subjected to thermal loading.  Commentary found within design 

codes pertaining to curved members relies on a generalization of curved member 

behavior.   

 Little aid is provided to assist bridge designers with the selection and orientation 

of bearing devices.  Furthermore, foreign guide notes discussed in Hendy and Iles (2010) 

prefer a method that is contrary to AASHTO.  This difference regarding the preferred 

orientation of guided expansion bearings confirms that suitable accommodation of 

thermal deformation within horizontally curved steel girder bridges is not well 

established.    

)( 12 TTLTT              1.1 
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 Thermal movement of a bridge's superstructure is typically permitted by the 

employment of bridge expansion bearings, as just discussed.  However, if the selected 

bearing devices are inadequate in allowing thermal deformation of a bridge's 

superstructure, engineers often recognize the capability of the bridge's substructure to 

accommodate thermal movements.  Generally, this means lateral deflection of the 

supporting piers.  If the bearing devices are overly constraining, the support piers will 

deflect, effectively permitting thermal deformation of the superstructure and minimizing 

thermal stresses.  Such a scenario is encountered when fixed bearings are employed at 

multiple consecutive support locations.  However, this action is only preferable if thermal 

stresses throughout the superstructure and substructure can be minimized.  Hulsey and 

Emanuel (1978), however, found that stresses in the superstructure can remain 

significant, in comparison to vertical loads.  While thermal stresses within the 

superstructure may be mitigated, significant levels of stress may persist in the 

substructure, especially in the vicinity of the bearing devices.  Evidence has been 

documented showing that thermal movement of a steel girder superstructure can have 

negative effects on elements within a bridge’s substructure, including deformation around 

the bearings, bearing anchor bolt deformation, and cracking in concrete supports (Chapter 

Three).  Understanding how thermal forces affect substructure components is a 

significant concern to bridge integrity and long-term economy.    

   

1.2 Motivation and Problem Statement  

 Bridge expansion bearings and substructure flexibility (e.g. lateral pier deflection) 

are the means through which thermal deformation of a bridge’s superstructure must take 



5 

place.  If substructure flexibility is to be taken advantage of, individual substructure 

components (i.e. bridge bearings, anchor bolts, supporting piers) must have the capacity 

to safely resist the additional forces imparted to them.  Additionally, substructure rigidity 

must not be so large as to cause resistance against thermal deformation of the attached 

superstructure.   

 To date, little research has been conducted specifically examining substructure 

behavior due to thermal movement in steel I-girder bridges, hence, no guidance is 

provided within AASHTO design specifications and current literature to assist bridge 

designers in dealing with potential adverse behaviors due to the development of thermal 

forces.  Field investigations by Moorty and Roeder (1992b) and Croft (1994) have shown 

that thermal movement of a steel girder superstructure can lead to undesirable behavior in 

substructure components.  The prospective harmful effects of restrained thermal 

deformation need to be clearly demonstrated so that future bridge designs can avoid such 

outcomes.  A comprehensive investigation into the impact of superstructure thermal 

movement on substructure behavior in continuous steel I-girder bridges is needed. 

 Orientation of bridge expansion bearings is a crucial task during the design and 

construction of horizontally curved continuous steel I-girder bridges.  If the expansion 

bearings are aligned in a manner that impedes thermal deformation of the steel I-girder 

superstructure, lateral pier deflection must occur in order to lessen the magnitude of 

thermal stresses throughout the bridge.  Moorty and Roeder (1992a) found that the 

method for orienting expansion bearings suggested in AASHTO is not necessarily 

preferable.  Similar conclusions were offered by Chen (2008), who also noted that the 

method for aligning expansion bearings put forth in AASHTO is less preferable when 
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substructure rigidity is low.  Nonetheless, the studies cited above, and most additional 

works exploring the thermal response of curved bridges rely on results provided by 

relatively small structures (three spans or less).  It is not uncommon for steel girder 

bridges to consist of up to six or more spans, and so, a more complete understanding of 

the thermal response of horizontally curved steel girder bridges is needed in order to 

more effectively employ bridge expansion bearings and lessen the potential influence of 

thermal forces.  From this, recommendations can be proposed regarding how best to 

accommodate thermal deformation in these structures.           

   

1.3 Research Goal 

 The primary goal of this work is to demonstrate that restrained thermal 

deformation of a bridge’s steel girder superstructure can result in detrimental conditions 

within its substructure.  A second goal of this work is to expand the current knowledge 

regarding the thermal response of horizontally curved continuous steel I-girder bridges.  

Implicit in this work is a demonstration that restrained thermal movement of a bridge's 

superstructure can lead to unfavorable conditions throughout the substructure, a behavior 

not discussed in detail within current design specifications.       

 

1.4 Research Objectives and Approach 

 The first part of this work consists of providing evidence, through a field 

investigation, that constrained thermal movement within a steel I-girder superstructure 

has resulted in undesirable conditions in substructure components (e.g. support piers, 
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bearings, anchor bolts).  Finite element modeling and analysis (FEM, FEA) is employed 

to substantiate these findings.    

 Secondly, FEA is utilized to examine the thermal response of a horizontally 

curved steel I-girder bridge under various boundary conditions (i.e. bearing 

arrangements).   The study aspires to determine the most favorable bearing arrangement 

for minimizing thermal forces throughout a horizontally curved continuous steel I-girder 

bridge system.  The following objectives and tasks characterize the approach employed to 

accomplish the goals of this work. 

 
Objective 1 - Demonstrate that constrained thermal deformation of a bridge’s steel I-

girder superstructure can result in detrimental behavior within its substructure.  This 

objective will be pursued through completion of the following tasks:  

  
1. Provide evidence, through a field investigation of an in-service steel I-girder 

bridge located in southern West Virginia, that restrained thermal expansion (and 

contraction) of the steel superstructure has resulted in adverse conditions within 

the substructure.  Primarily, attention is placed upon 1) cracking of reinforced 

concrete support piers and 2) deformation of the bearing anchor bolts.  Both of 

these phenomena have been observed and documented on the structure. 

 
2. Modify an existing finite element model of the chosen structure in order to more 

accurately represent the bridge bearing devices.  Specifically, the method for 

connecting the superstructure (bottom flange) to the supporting piers will be 

altered so that thermal force effects are transmitted through a mechanism that 

more accurately models a typical bridge bearing.   
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3. Extract the appropriate data from the FE model(s) to determine whether or not the 

predicted stress state within the bearings and support piers corroborates the 

findings documented during the field investigation. 

 
Objective 2 - Establish what type of bearing arrangement is most favorable for 

minimizing thermal stresses in a horizontally curved continuous steel I-girder bridge.  To 

meet this objective the following tasks will be completed: 

 
1. Modify the FE model to reproduce the boundary conditions associated with two 

additional bearing arrangements schemes that could be applicable to the actual 

structure.  The two arrangements adhere strictly to AASHTO (2003, 2007) 

recommendations by implementing fixed bearings at a single location, 

maximizing potential thermal deformation of the superstructure.   

 
2. Analyze and compare stresses in the bearings and piers among the FE models 

under the two bearing arrangements to verify which set of boundary conditions 

provides the most acceptable stress state. 

 

Objective 3 - Put forward detailed recommendations and instruction on how best to 

minimize thermal stresses in a horizotnally curved continuous steel I-girder bridge based 

on outcomes from Objectives 1 and 2.   
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1.5 Dissertation Outline 

 Chapter Two presents an thorough discussion on the current knowledge regarding 

the thermal response of horizontally curved continuous steel I-girder bridges.  Within this 

discussion is information relating to provisions of the AASHTO LRFD Bridge Design 

Specifications and foreign guide specifications on how thermal deformation is 

accommodated in a typical horizontally curved slab-on-girder bridge system.  A literature 

review covering topics such as the thermal response of curved steel I-girder bridges, 

proper orientation of guided-type expansion bearing devices, the effect of substructure 

flexibility on bridge response, and the adverse effects of restrained thermal deformation 

in steel girder bridges is also provided. 

 Chapter Three provides a detailed description of the selected in-service bridge 

around which this work is performed.  Additionally, Chapter Three presents the findings 

document during a field investigation of the selected structure.  In Chapter Four the 

extensive finite element modeling undertaken to complete this work is reviewed, and 

validation of the modeling strategy is provided. 

 Chapter Five and Chapter Six present the results and analysis produced by the FE 

model(s).  In Chapter Five, displacement of the superstructure under thermal loads, 

stresses at the bearings, shear force in the anchor bolts, and stresses in the support piers 

are analyzed and contrasted against the findings documented during the field 

investigation (Chapter Three).  In Chapter Six, the results from two sets of boundary 

conditions are compared amongst one another.  Chapter Seven contains conclusions 

established during this work and puts forth recommendations regarding the thermal 

response of steel I-girder bridges.   
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CHAPTER TWO 

Background and Literature Review 

 

2.1 Introduction 

 Temperature variations (i.e. thermal loading) can have a significant impact on the 

behavior of continuous steel slab-on-girder bridges.  Yet, the effects of thermal loading 

are not given significant consideration during the bridge design process.  Research 

pertaining to the response of steel girder bridge systems subjected to thermal loading is 

sparse, with very limited literature available studying the behavior of the superstructure 

and substructure collectively.  The vast majority of investigations have focused on 1) 

determining the effects of temperature distribution through the depth of composite slab-

on-girder bridge and 2) stresses in only the superstructure (Emanuel and Hulsey 1976, 

Theopcharti 1977, Hulsey and Emanuel 1978, Rahman and George 1979, Rahman and 

George 1980,, Kennedy and Soliman 1987, Emanuel and Taylor 1985, Moorty 1990,  

Tao 2009).  These, and other related studies, are very valuable; however, a detailed 

analysis of stresses in the substructure were neglected.  Furthermore, the majority of 

these works discuss thermal stresses caused by nonlinear temperature distributions, rather 

than support restraint.  The few authors that have studied the practical effects of thermal 

loads on steel girder bridge systems, including field investigations,  have provided 

evidence that improper handling of such loads can have significant consequences on 

bridge integrity and economy (Croft 1994, Moorty and Roeder 1992b, William et al. 

2005, McBride 2013).     
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 Before beginning any meaningful investigation into the behavior of steel girder 

bridges, sufficient background information must first be covered.  This chapter presents 

detailed explanations regarding the thermal response of continuous steel I-girder bridges 

with and without horizontal curvature.  Also included is a detailed review of the most 

pertinent literature related to the thermal response of steel girder bridges with horizontal 

curvature.  Work relating to thermal movements in steel girder bridges is covered, as well 

as the effects that may occur if thermal movements are not properly accommodated.   

Lastly, a description of the methods relied upon in AASHTO (2003, 2007) and foreign 

works for accommodating thermal movements in steel I-girder bridges is discussed.   

 

 2.2 Response of Steel Girder Bridges to Temperature Variations     

 Due to daily and seasonal temperature fluctuations (i.e. thermal loading), the 

superstructure of a steel girder bridge undergoes a certain range of thermal deformation. 

Thermal expansion of a steel superstructure takes place when the temperature in the 

environment surrounding a bridge increases relative to a particular ambient value.  

Conversely, thermal contraction occurs as the temperature decreases.  Thermal 

deformation of a bridge’s superstructure consists of displacements and rotations.  

Effectively permitting thermal deformation is a very significant consideration when 

designing a steel I-girder bridge.  If the steel superstructure is not adequately allowed to 

undergo a full range of thermal movement, unfavorable behavior may develop 

throughout the bridge due to the development of internal thermal forces and stresses.  

Such behaviors include damage to the bearing devices and bridge substructure (i.e. 

support piers, abutments, bents).  Additionally, restrained thermal deformation has been 
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found to negatively affect the structural capacity of the steel girders themselves in studies 

by William et al. (2005) and McBride (2013).  Preventing, or at the least minimizing, the 

development of thermal stresses in a steel girder bridge system is generally accomplished 

through the strategic employment of bridge expansion bearings.  The implementation of 

expansion bearings seeks to lessen the magnitude of thermal force effects by freely 

allowing thermal deformation of the superstructure to take place.  Bridge bearings are 

categorized by two primary types of assembly:  high-load multirotational (HLMR) 

bearings and elastomeric bearings.  High-load multirotational bearing devices can be 

categorized into three main types: pot bearings, spherical bearings, and disc bearings.  

Each particular bearing type provides distinct advantages and disadvantages.  The 

particular type of bearing assembly selected mostly depends on the magnitude of thermal 

deformation anticipated.  This dissertation focuses on a steel I-girder bridge that utilizes 

HLMR pot bearings.   

 High-load multirotational pot bearings, as with the other types of HLMR bridge 

bearings can be further classified into three categories: multidirectional bearings (i.e. 

free), unidirectional bearings (i.e. guided), and fixed bearings.  A fixed bearing, Figure 

2.1, restrains thermal displacement of the superstructure while allowing the necessary 

rotations.  Multidirectional and unidirectional bearing assemblies, shown respectively in 

Figures 2.2 and 2.3, are termed “expansion bearings”, as they permit thermal expansion 

of the attached superstructure.  Multidirectional bearing devices (termed “free bearings” 

herein) allow in-plane horizontal translation in any direction.  Unidirectional bearing 

devices (termed “guided bearings” herein) allow horizontal translation along a single axis 

while preventing movements in a transverse direction.   
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Figure 2.1.  HLMR pot bearing (fixed bearing) 

Figure 2.2.  HLMR pot bearing (free bearing) 

Figure 2.3.  HLMR pot bearing (guided bearing) 
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 Understanding the thermal response of a particular bridge is vital when selecting a 

suitable bearing arrangement, meaning a bearing arrangement that does not restrain 

thermal deformation of a bridge's superstructure.  An accurate prediction of the 

magnitude and direction of thermal deformation of a bridge’s superstructure is essential, 

especially when orienting the guided bearings.  If not properly aligned during installation, 

the guided bearings will restrain thermal deformation of the superstructure.  Determining 

how a straight (or tangent) non-skewed steel girder bridge responds to thermal loading is 

rather straightforward.  Thermal deformation occurs primarily along a longitudinal axis 

(Figure 2.4) and the guided bearings are oriented in a manner that allows superstructure 

displacement to freely take place.  Insignificant displacement in a transverse direction is 

do occur, but is generally only observed in very wide bridges.   

 

 

  

 

     

 

 

 The thermal response of continuous horizontally curved steel I-girder bridges is 

drastically different compared to their straight counterparts.  As illustrated in Figure 2.5, 

structural members with horizontal (in-plane) curvature undergo thermal deformation in 

multiple directions.  Horizontal curvature adds a significant degree of complexity to a 

steel I-girder bridge’s behavior when subjected to thermal loading, and therein lays a 

Δ Δ 

guided bearing guided bearing 
fixed bearing 

Figure 2.4. Guided bearings on a continuous straight structural member 
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significant challenge for bridge designers.  Due to the potential for over-constraining 

thermal deformation, numerous fixed bearings cannot be implemented.  The use of too 

many free bearings would create stability issues within a structure.  Therefore, guided 

expansion bearings must be used.  Due to thermal deformation occurring in multiple 

directions and guided bearings allowing only unidirectional translation, determining their 

appropriate orientation is a difficult task.   

 Several researchers have put forth particular design approaches for calculating the 

displacement response of horizontally curved girder bridges.   Li et al. (2007) and Li and 

Zao (2009) used closed-form solutions and finite element analysis to determine the in-

plane response of curved bridges subjected to thermal loads.  While this work is in-depth 

and highly theoretical, the results they provided are difficult to implement in design 

codes.   Roeder (2002a,b), proposes simple design equations for the response of bridges 

to thermal loads based on Equation 1.1.  This work is the basis for AASHTO (2007) 

design provisions and commentary.  However, curved bridges are not given specific 

attention. 

 Traditionally, two principal schemes are followed when orienting guided bearings 

on horizontally curved girder bridges.  The tangential scheme permits thermal 

deformation of the superstructure at the bearings in a manner tangential to the horizontal 

curve, while radial movement is restrained.  This method is illustrated in Figure 2.5.  

Minimization of thermal stresses in a steel superstructure is mostly disregarded with this 

type of alignment.  Rather, the superstructure is forced to follow a particular path while 

undergoing thermal deformation.  A major disadvantage with this method is that large 

transverse forces are produced and must be designed for, which can decrease bridge 
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economy.  Shown in Figure 2.6, a chordal orientation of the guided bearings permits 

longitudinal movement at the bearing on a ray directed toward a fixed bearing.  The 

chordal method attempts to minimize thermal forces by aligning the guided bearings so 

as to permit superstructure movement in a manner that closely mimics its in-plane 

displacement response.  Theoretically, the absence of thermal forces is anticipated under 

this scheme according to AASHTO (2003, 2007).  However, in reality, such a state 

cannot be achieved due to numerous factors. 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

Figure 2.5. Tangential orientation of guided expansion bearings 

Figure 2.6. Chordal orientation of guided expansion bearings 
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 First, the thermal deformation a steel member in a chordal manner only applies to 

uniform temperature variation, where as all bridges actually experience temperature 

gradients.  Second, a locating fixed bearing devices at a stationary point within the 

structure is required, which may be impossible to achieve.  For instance, site conditions 

or span configuration may prevent erecting a support pier at the necessary location.  

Thirdly, the rigidity of the concrete bridge deck and superelevation typically prevent 

thermal deformation from occurring as expected.   

 

2.3 The Influence of Substructure Flexibility on the Thermal Response of Steel I-

Girder Bridges 

 In addition to expansion bearings, bridge designers recognize substructure 

flexibility as a mechanism for accommodating thermal movement of a bridge's 

superstructure (Hulsey and Emanuel 1978, Moorty and Roeder 1992b, Chen 2008).  This 

is especially true for continuous structures.  Lateral deflection of the support piers leads 

to a state of flexure within the pier columns, and allows thermal deformation of the steel 

superstructure to occur.  Relying on pier flexibility to assist in accommodating thermal 

deformation of a bridge's superstructure has made the use of multi-span, continuous steel 

girder superstructures an attractive design choice.  However, the use of fixed bridge 

bearings has become more commonplace as well.  Fixed bearings, which do not permit 

free thermal deformation, introduce a signifcant amount of restraint into a bridge.  If 

numerous fixed bearings are employed, lateral pier deflection becomes the sole means 

through which internal thermal stresses within the superstructure are prevented. 
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 This can only occur assuming the piers are not so rigid as to resist lateral 

deflection.  For example, if the supporting piers are too stiff, or rigid, thermal stresses 

will develop in a bridge.  In the superstructure, the expected load-carrying capacity of the 

steel girders can be reduced due to elevated compression flange stresses near the fixed 

bearings (McBride 2013).  Additionally, thermal stresses will also manifest in the 

substructure as the in-plane horizontal forces are transmitted to the support piers through 

the bearing assemblies and bearing anchor bolts.  Possible adverse effects include 

unanticipated shear force and deformation in the anchor bolts, deformation of the bearing 

devices, and fracture within the concrete supports (Croft 1994).  These types of behaviors 

have not been investigated in a detailed manner.  Particularly for horizontally curved 

bridges, these behaviors may also occur at guided expansion bearings due to their 

unidirectional functionality.  If thermal deformation of the superstructure differs relative 

to the manner in which the bearings are aligned, thermal forces will develop.   

 Typically, the potential of the above behaviors to actually occur is neglected as 

thermal forces are assumed minimal.  Substructure flexibility may not only aid in 

accommodating thermal deformation of a bridge's superstructure, it can be a hindrance to 

effectively orienting guided expansion bearings as well.  As already discussed, guided 

bearings are given an initial alignment based on a fixed point.  However, due to lateral 

movement of the supporting piers, the location of this point may be highly variable as the 

bridge undergoes thermal movements.  Roeder (2002a, 2002b), which serves as the basis 

for current design specifications even avoid such scenarios. Therefore, properly 

orientating the guided bearings in a manner that eliminates the development of thermal 

stresses may not be feasible for every design situation. 
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2.4 Review of Pertinent Past Work  

 Hulsey and Emanuel (1978) used finite element analysis to investigate the thermal 

response of a slab-girder bridge under varying substructure flexibilities.  Three 

substructure types were considered, including frictionless bearings, non-integral abutment 

supports, and integral abutments, each modeled using spring elements.  After determining 

an appropriate substructure stiffness for each spring (assuming the piers behave 

elastically), heat flow calculations were completed in order to apply a temperature load to 

a slab-stringer FE model.  The stringers were modeled as beam elements.  The 

superstructure consisted of four spans of 11m, 26m, 26m, and 11m (35ft, 86ft, 86ft, and 

35 ft), while the pier heights were approximately 5.5m (18 ft). 

 Results from this study showed that as substructure stiffness increases, or as 

bridge length increases, horizontal forces can develop in non-integral type bridges.  

Under a +34oC (60oF) temperature change, maximum compressive stress in the beams 

was 33,715 kN/m2 (4.9 ksi) while tensile stresses were minimal.  Under a -55 oC (-100oF) 

temperature change, maximum tensile stress was 49,573 kN/m2 (7.0 ksi) for the non-

integral support type bridge structure.  Stress values are almost identical when compared 

to a frictionless bearing condition.  Maximum horizontal thrust values at the pier supports 

of the non-integral structure were 3,216 kN (7.1 kips) and 2,627 kN (5.8 kips) for the 

temperature decrease and increase, respectively.  Horizontal forces at the piers were 

shown to be mostly unaffected by the type of abutment. 

 Moulton (1983) performed a large study documenting behaviors observed on 

many bridges throughout North America.  The purpose of the study was to correlate 

bridge movements with observed structural damage.  It was found that bridges which 
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experienced horizontal movements had a high frequency of damage.  Under relatively 

small horizontal movements, damage to the bearing devices and superstructure 

deformations were noted.  Specific bridge types were not discussed, however, the study 

concluded that damage to bridge components resulting from horizontal movements of the 

superstructure can be severe. 

 Through experimental analysis and field observations, Moorty and Roeder 

(1992a) found that thermal movement in curved steel girder bridges not necessarily be 

tangential or chordal (as widely recognized and suggest in AASHTO), but may consist of 

a radial component or be solely radial in direction, depending on bridge geometry.  Using 

a beam element model, it was determined that orienting guided expansion bearings in a 

chordal manner relative to a fixed point is acceptable for accommodating thermal 

expansion in a curved steel girder bridge, as reflected in AASHTO (2003, 2007) but 

emphasized that true bridge behavior differs substantially from the simple line element 

model used.   Additionally, a survey of state bridge engineers uncovered that several 

significant signs of distress had manifested in curved girder bridges, possibly related to 

thermal deformation of the superstructure.  These included anchorage pull-out, concrete 

spalling of supports and bearing failures.  Further evidence of unexpected thermal 

movement in curved bridges was evidenced by locked finger-joints within several 

concrete bridge decks.  Finger joints are free to move in a tangential direction in order to 

accommodate the thermal expansion of the superstructure, however, they had become 

locked on several bridges.  Damage to bridge bearing guides was also reported on several 

curved bridges.  These latter two actions are almost certainly the result of radial 

movement of the superstructure during thermal expansion. 
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 Moorty and Roeder (1992b) performed a broad parametric study to determine the 

effect of bridge geometric characteristics, expansion bearing orientation, and substructure 

stiffness on the thermal response of horizontally curved bridges.  A three-span, four 

girder FE model was created using ANSYS software.  Fixed bearings were located at an 

end abutment, while expansion bearings were located at all other support locations.  The 

total length of the bridge was 600 ft with a central angle of 40o, giving a bridge radius of 

around 860 ft. 

 Analysis showed that when the expansion bearings are aligned in a tangential 

manner, radial movement is accommodated by the piers.  Tangential displacements of up 

to 2.14 in. were recorded at the abutment, while a maximum radial displacement of 0.54 

in. occurred near the center of the bridge, between the piers.  When the expansion 

bearings were oriented in a chordal manner with respect to the fixed bearings at the 

abutment thermal expansion occurred mainly along these chords, with a magnitude of 

translation roughly equal to tangential translation from the previous case.  Radial 

displacement increased with distance away from the fixed bearings.  A maximum radial 

displacement of 0.8 in. occurred near the midspan between the second abutment and 

nearer pier.  At this pier, radial displacement increased by 75%.  It was also found that 

when bearing stiffness is relatively large, thermal movement is accommodated by pier 

flexure.  When pier stiffness is relatively large, displacement takes place through the 

bearings.   

 Moorty and Roeder (1992b) also provided findings from a field investigation on 

the Sutton Creek Bridge in Montana, a 657 ft continuous curved girder bridge, where the 

effects of thermal loading were explored.  Fixed bearings are located at an end abutment 
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and consecutive pier while all other support locations utilize tangentially aligned 

expansion bearings.  Observations showed that thermal movement is mostly 

accommodated by lateral pier deflection, not bearing translation, with radial displacement  

comparable in magnitude to tangential displacement.  At the pier with fixed bearings, 

significant deflection had occurred.  Additionally, it was determined that large bearing 

stiffness resulted in large radial movements, showing that thermal expansion in a curved 

steel girder bridge will take place through substructure movement if not accommodated 

by the expansion bearings.    

 During field investigations on continuous straight skewed bridges in Wyoming, 

Croft (1994) found signs of distress in several bridges.  The C&NW RR Overpass, a 

three-span continuous bridge, had bent bearing bolts at an abutment with fixed bearings.  

The UPR Overpass, also a three-span continuous bridge, had fixed bearings at an interior 

pier and expansion (rocker) bearings at all other support locations.  Extensive cracking 

was observed at both abutment walls, and there appeared to be some flexibility in the pier 

where the fixed bearings were located, suggesting that the point of fixity for the structure 

was not at the pier.  As well, larger than expected longitudinal translation occurred in the 

expansion bearings at one abutment, while smaller than expected longitudinal translation 

occurred at the other abutment.   Girder translations were approximately ½ in. with a 

bridge deck temperature of 25-30oC.   

 The three-span, continuous Laramie River Bridge – Curtis Street and Casper 

Creek Bridge were both found to be in poor condition.  Each bridge employs fixed 

bearings at one end abutment, with expansion (rocker) bearings placed at the other 

support locations.  On both structures, bent bearing bolts were found at the fixed 
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bearings.  On the Laramie River Bridge, overall longitudinal movement of the 

superstructure was very poor.  The expansion bearings were designed to allow 0.44 in. of 

translation, however, observation found that they were at their maximum rotational limit 

after minimal translation.  The fixed bearings had translated up to 0.20 in.  On the Casper 

Creek Bridge, small transverse translation was observed at an abutment expansion 

bearing due to loss of substructure stiffness at the fixed abutment end. 

 The BNRR Overpass, a three-span continuous bridge, was in very poor condition 

as well.  An abutment with expansion (rocker) bearings displaced, due to soil settlement 

issues, causing the expansion joint in the concrete deck to become locked, restraining 

thermal expansion of the superstructure.  The fixed bearing bolts at the opposite abutment 

were found to be bent, providing evidence that the thermal expansion was significantly 

restrained at this location.    

 Samaan et al. (2002) used FEA to study the thermal movement of a curved, 

spread-box girder bridge with expansion bearings aligned in a chordal manner to a fixed 

point and tangent to the curve.  Using two-span, four-girder FE models, it was found that 

radial reactions due to thermal loading are much larger when guided expansion bearings 

are oriented tangentially, compared to in a chordal manner.  The largest horizontal 

reactions occurred when fixed bearings were located at the interior pier and tangentially 

aligned expansion bearings were placed at the two abutments. 

 The New York Department of Transportation, NYDOT (2005), determined that 

function loss in an expansion (rocker) bearing causing restrained longitudinal movement 

was blamed for the partial failure of the Dunn Memorial Bridge.  In 1987, an inspection 

report found that certain bearings, at different supporting piers, had displaced 1.7 in. and 
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0.9 in. respectively, in the same direction.  Air temperature at this time was 45oF.  In 

1990, inspection records showed that the bearings supporting Span 12 were titled 2.56 

in., while Span 11 bearings were tilted 1.75 in.  An inspection report in 2003 showed that 

the bearings supporting a particular span were tilted 3.4 in., 0.9 greater than the design 

limit, while other bearings were tilted 1.0 in.  Under the temperature conditions at the 

time, all rocker bearings should have been approximately vertical.   

 Shifting of the superstructure, due to vehicle braking, temperature loads, etc., 

likely caused the rocker bearings to become misaligned and “frozen” in one span, thereby 

requiring all thermal movement to be accommodated by a relatively slender supporting 

pier.  As the pier deflected over time, the rocker bearings over-rotated and became 

unstable, causing the superstructure to collapse down onto the pier.  Nonlinear finite 

element analysis of the deflected pier found that concrete cracking initiated once the pier 

deflected 2.5 in, corresponding to a horizontal load of 141 kips.  

 Chen (2008) performed extensive finite element analysis to examine the effect of 

bearing orientation, bearing stiffness, and substructure flexibility on the response of 

curved steel box-girder bridges subjected to thermal loading.  It was determined that 

locating fixed bearings at an interior pier leads to more preferable bridge behavior under 

thermal loading, and orienting guided expansion bearings toward the bridge’s stationary 

point resulted in lower resultant horizontal forces in the bearing guides.  Guide forces 

were largest when bearings are oriented toward a pier with fixed bearings that did not 

coincide with the bridge’s stationary point.  When expansion bearings are aligned tangent 

to the curve, radial movement is primarily accommodated by lateral deflection of the 

supporting piers.  Perhaps most significant, it was determined that expansion bearings 
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oriented in the chordal manner become less accommodating of superstructure thermal 

movement as pier flexibility increases.  This shows that the method for expansion bearing 

orientation in AASHTO (2003, 2007) may only be preferable when bearing stiffness is 

significantly lower than pier stiffness. 

 

2.5 AASHTO Design Provisions and Foreign Guide Notes Relating to Thermal 

Deformation 

 Over the past two decades, AASHTO has sought to provide specifications and 

recommendations for bearing selection and guided bearing orientation on horizontally 

curved steel girder bridges.  The Federal Highway Administration (FHWA) created the 

Consortium of University Research Teams (CURT) in the 1960s to develop design 

specifications for horizontally curved bridges.  The Curved Steel Bridge Research Project 

(CSBRP) was initiated in 1992 to improve upon the specifications developed by CURT.  

While these two initiatives are widely recognized for their respective efforts to provide 

design specifications for curved bridges, thermal response was not examined extensively.  

It wasn't until works several works Moorty (1990) and Moorty and Roeder (1990, 1992a, 

1992b) that the thermal response of curved bridges was investigated in detail.  Results 

from their respective works are reflected in past and current AASHTO design 

specifications. 

   The 1993 AASHTO Guide Specifications for Horizontally Curved Steel Highway 

Bridges, (AASHTO 1993), was the second set of guide specifications adopted by 

AASHTO providing design provisions for curved steel girder bridges.  Within these 

provisions, it is stated that thermal movement should be allowed in directions radiating 
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from fixed points, and if properly accounted for, these movements will not affect the state 

of stress in the superstructure.  It is stated that thermal forces may be disregarded during 

superstructure design in curved bridges with practical proportions, but note, “practical 

proportions” were not specified.  It is not uncommon for steel I-girder structures to have 

span lengths approaching 250 ft.   

 Similar, albeit more detailed commentary is found in the 2003 AASHTO Guide 

Specifications for Horizontally Curved Steel Girder Highway Bridges (AASHTO 2003).    

Within these specifications, slightly more detail is provided regarding the thermal 

response of curved I-girder bridges.  AASHTO 2003 states that thermal forces resulting 

from uniform temperature loads are fully mitigated if guided expansion bearings are 

aligned along a ray directed toward a “fixed point” (i.e. aligned in a chordal manner).  

The 2007 AASHTO LRFD Bridge Design Specifications (AASHTO, 2007) mirror 

AASHTO (2003) stating that when guided expansion bearings are aligned in such a 

manner no thermal forces are generated when the superstructure is subject to uniform 

temperature changes.   

 The fixed point referenced in AASHTO (2003, 2007) is typically recognized as a 

fixed bearing at an interior support pier or end abutment, but is not clearly stated.  

Theoretically, this point is a singular location within the structure that experiences no 

translation as the bridge undergoes thermal deformation.   In reality, temperature 

variations and distribution throughout a bridge is not uniform, and the location (or even 

existence) of a fixed point is highly variable depending on bridge geometry, boundary 

conditions, and substructure flexibility.  If the fixed bearings towards which the guided 

bearings are aligned are not stationary during thermal movements, the guided bearings 
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will not function as expected.  If located at an interior pier, the fixed bearings are likely 

to move as the pier deflects.  Chen (2008) noted that a chordal orientation of the guided 

expansion bearings on a curved bridge becomes less accommodating of thermal 

deformation as substructure rigidity decreases.  Furthermore, the influence of 

substructure flexibility on the thermal response of steel girder bridges is not given much 

consideration as it pertains to bearing orientation.   AASHTO (2007) acknowledges this, 

noting that aligning the guided bearings toward a single fixed point is often impractical in 

many bridges. 

 Contrary to information in American bridge design specifications, available 

foreign guide notes recommend a different orientation scheme for guided bearings on 

horizontally curved bridges.  The Steel Bridge Group within the Steel Construction 

Institute, located in Great Britain, recommends orienting guided expansion bearings in a 

tangential manner.  This type of arrangement was illustrated in Figure 2.5.  The reasoning 

behind this is discussed in Hendy and Iles (2010).  With this type of bearing arrangement, 

thermal deformation of the superstructure is forced, by design, to follow the curve and is 

preferred because installation of the bearing devices is simplified.  However, since radial 

displacement of the superstructure is not permitted and thermal deformation is required to 

follow a certain path, large forces are likely to develop in the bearing guides and 

substructure elements.  The chordal orientation recommended in AASHTO is considered 

acceptable, but is not considered ideal.  According to Hendy and Iles (2010), a major 

disadvantage with the chordal orientation of guided bearings is that the expansion joints 

will experience transverse movements and this behavior is not easily accommodated.   
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2.6 Summary 

 The literature reviewed in this chapter mostly supports the recommendations 

provided in AASHTO (2003, 2007) pertaining to expansion bearing orientation for 

continuous horizontally curved steel I-girder bridges.  However, these studies generally 

rely on relatively small sample structures (e.g. three spans or fewer) and points of fixity 

at a single location.  In addition, while chordal alignment of the guided expansion 

bearings may be preferable to any other orientation scheme, Moorty and Roeder 

(1992a,b) showed that thermal forces are not fully prevented.  Chen (2008) demonstrated 

that the method for orienting expansion bearings for minimizing thermal stresses given in 

AASHTO is only appropriate under certain conditions and that the substructure must 

accommodate unexpected thermal movements.  The method recommended by the Steel 

Construction Institute (Hendy and Iles 2010) has been shown to allow the development 

of large thermal forces, compared to the scheme favored in AASHTO.   

 It was also shown that detrimental behaviors within a bridge’s substructure can 

occur if thermal deformation of the superstructure is hindered.  Croft (1994) provided 

evidence from several slab-on-girder type bridges that retrained thermal movements had 

led to undesirable consequence such as bearing anchor bolt deformation and damage to 

supporting elements (i.e. piers, abutments).  NYDOT (2005) showed that thermal 

movements within a steel girder bridge may not occur as predicted and such 

unanticipated movements do affect structure integrity and safety.  Also, substructure 

flexibility, pier flexure specifically, is highly influential to the manner in which a bridge 

responds to thermal loading. 
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Pier 5

Pier 1 

Figure 5.23.  Maximum principal stress (σ1) contour plots - Pier 1,5 (Temp -70oF) 

σP1 = 7.3 ksi 

Pier 7 

Pier 10

Figure 5.24.  Maximum principal stress (σ1) contour plots - Pier 7, 10 (Temp -70oF) 

σP1 = 5.8 ksi 
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 Table 5.15 presents the approximate maximum principal stress recorded in each 

piercap as predicted by the FE model.  The maximum principal stress in the piers with 

guided bearings is less than the tensile fracture strength of the concrete material, 

excluding Pier 1.  At the piers where fixed bearings are installed, the maximum principal 

stress far exceeds the tensile rupture of the concrete.  The maximum principal stress in 

any pier is found at Pier 2 and Pier 3, where σ1 reaches 7.3 ksi and 7.2 ksi, respectively, 

when the -70oF temperature load is applied to the steel superstructure.  The FE model 

stress data can now be compared to behavior documented during the field investigation, 

where cracking was recorded in Piers 1-5.  The maximum principal stress in Piers 1-5 

exceeds the tensile strength of the concrete, as seen in Table 5.15.  According to the 

stress values shown here and using Rankine's criterion to predict tensile fracture, the 

signifcant amount of cracking observed throughout the bridge is most likely due to 

thermal stresses resulting from restrained thermal deformation of the steel I-girder 

superstructure.    

 

 

 

 

 

 

 

 

  

Table 5.15.  Maximum principal stress in each piercap 

σp,max (psi) %σp,max/σT σp,max (psi) %σp,max/σT

Pier 1 600 127 600 127
Pier 2 7300 1540 7000 1477
Pier 3 2200 464 2400 506
Pier 4 350 74 2000 422
Pier 5 7200 1519 7000 1477
Pier 6L 200 42 200 42

Pier 6R 300 63 250 53

Pier 7 5800 1224 4300 907
Pier 8 500 105 400 84

Pier 9 5100 1076 5000 1055
Pier 10 400 84 400 84

Pier 11 200 42 200 42

Temp -70oF Temp +60oF
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 5.6.2 3D Solid Model 

 The previous analysis provided further data supporting the hypothesis that thermal 

forces are the primary action leading to the adverse conditions observed on the Man 

Bridge.  Limitations regarding the Man Bridge FE model were recognized and discussed 

as well.  While the model is very useful, the strategy used to model the bearing anchor 

bolts allowed for the development of stress concentrations in the shell elements 

representing the concrete piercaps.  The stress concentrations have the ability to 

significantly influence the accuracy of the results.   

 The development of such stress concentrations can exaggerate the actual 

magnitude of the stress recorded.  Furthermore, because single layer shell elements were 

used to represent the piercaps, the region around the anchor bolts was not effectively 

replicated in the Man Bridge FE model.  Therefore, a linear-elastic 3D solid model of the 

top portion of a typical piercap was constructed, as shown in Figures 5.25-5.26.  As seen 

in the figures, the piercap geometry is perfectly replicated.  Additionally, the steel anchor 

bolts are embedded the appropriate depth into the piercap.  The key intention of this 

model is to provide a near perfect representation of a concrete piercap with the embedded 

bearing anchor bolts.  Such a model will allow for a more true determination of the stress 

state in the concrete media.    

 Modeling an entire support  piercap was completed, as illustrated in Figure 5.25. 

However, computation time proved to be too unmanageable due to the large number of 

solid elements,  hampering the usefulness of such a model.  Results in Section 5.6 

demonstrated that stresses are most significant in the vicinity of the anchor bolts, and 

decrease rapidly through the depth of the piercap.  So, it was decided to model only a 
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depth of concrete equal to the embedment length of the anchor bolts.  Such a model 

would more accurately capture the behavior around the anchor bolts and allow 

computational expediency. 

 Further illustrations of the solid model are provided in Figure 5.26.  Basic 

geometrical dimensions are given in Figure 5.27.  The piercap is 34.5 ft in length with a 

width of 7.5 ft.  On this particular piercap (modeled after Pier 5), the steps between each 

girder are nearly 6 in. with a pedestal height of exactly 6 in.  All dimensions were taken 

directly from the bridge's design drawings.  The geometry volumes were created using 

surface extrusions.  Seen in Figure 5.28, a 2" mesh is applied to all volumes.  This 

particular mesh size was chosen in order to strike a balance between solution accuracy 

and computation time.  The material model for the steel anchor bolts and concrete is 

linear-elastic, similar to the Man Bridge FE model.  The reasons behind using a linear-

elastic material model for the concrete were discussed in Chapter Four.    
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Figure 5.25.  3D solid model of a typical piercap 
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34.5 ft. 
7.5 ft. 

42 in.

Figure 5.27.  Solid model piercap dimensions 

5.9 in. 

6 in. 

45 in. 44 in. 

Figure 5.26.  Solid model anchor bolts 

anchor bolts protrude 2" 
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 Perhaps the most signifcant aspect of creating a suitable solid model was 

determining how to apply the boundary conditions.  Since the pier column is not included 

in the model, a method for representing the stiffness provided by the column was needed.  

To accomplish this, grounded spring elements were input at each node on the mesh 

comprising the bottom surfaces.  The total stiffness provided by the pier column was 

calculated and divided according to the number of nodes.  The total stiffness of the pier 

column is given by Equation 5.20, where E is the modulus of elasticity of the concrete, I 

is the second moment of inertia of the circular cross-section and L is the length of the pier 

column.  After performing the calculation, a stiffness of 8.84 lb/in is applied to each 

spring element DOF, pictured in Figure 5.29. 

 

 

Figure 5.28.  Solid model mesh 
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 Shear force data from Section 5.3 was used to determine the magnitude of 

horizontal force to be applied to the anchor bolts.  A simple manipulation of these forces 

was needed in order to correctly apply the loads.  The horizontal loads are input as nodal 

forces and applied to the nodes on the mesh representing the anchor bolts  To determine 

the correct magnitude of force to apply, the shear force acting on a bolt group is divided 

among the number of bolts in the group.  This value provides the magnitude of force 

acting on each bolt, which is then divided by the number of nodes on the perimeter of the 

bolt over which the force acts.  In this case, a total of 15 nodes would be in bearing 

contact with the masonry plate at the given time under horizontal forces  Therefore, the 

total force acting on any bolt is divided by 15, providing the necessary nodal force.  This 

is illustrated in Figure 5.30.  A sample calculation of the required nodal force is provided 

below for a bolt group under Girder 4 at Pier 5 due to the +60oF temperature load.  Using 

this method to apply the loads, each bolt group in the bridge can be investigated 

separately simply by adjusting the nodal force acting on the bolts and the stiffness of the 

grounded spring elements. 

 

 

- Total horizontal force acting on bolt group = 46 kips 
 
 
 - Force per bolt = 46 kips / 6 bolts = 7.66 kips per bolt 
 
 
 - Nodal force = 7.66 kips per bolt / 15 nodes = 0.511 kips = 511 lbs per node 
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Figure 5.29.  Grounded spring elements representing pier column stiffness 

Figure 5.30.  Application of nodal forces acting on each bolt 
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 5.6.3 3D Solid Model Results 

 Figure 5.31 illustrate a contour plot for σ1 in the solid model with the horizontal 

loads associated with Pier 5 acting on the anchor bolts.  First, it is seen that stresses 

diminish fairly rapidly through the depth of the piercap.  High levels of stress appear to 

subside at a depth of around 2 in.  Additionally, the development of tensile stresses, σT, is 

clearly visible.  Figures 5.32 and 5.33 present principal stress contour plots at two 

separate bolt groups of Pier 5, Girder 4 and Girder 1, respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.31.  σ1 development in the concrete surrounding the anchor bolts 

σT 
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Figure 5.32.  σ1 under Girder 4 at Pier 5 

8 ksi

1.7 ksi

2.4 ksi

600 psi 

Figure 5.33.  σ1 under Girder 1 at Pier 5 
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 Tensile stresses in the concrete piercap under Girder 4 reach 8 ksi, while a stress 

of 2.4 ksi develops at Girder 1.  Compressive stress at each location is less than the 4 ksi, 

so compressive failure (i.e. concrete crushing) is not a concern.  The magnitude of the 

two tensile stress values is well above the tensile rupture strength of the concrete 

material.  This finding further supports the proposal that thermal forces are the main 

action behind the signifcant levels of cracking.  These results are also in good agreement 

with the stress values determined from the Man Bridge FE model, where the concrete 

support piers were modeled using shell elements.    

 It has been shown that thermal forces acting on the bearing anchor bolts have the 

potential to cause cracking in the concrete support piers. The horizontal force data 

analyzed in Section 5.3 can be used to determine the resultant stress-state within each of 

the concrete piercaps throughout the bridge.  While performing such an analysis may 

provide confirmation of cracking in additional support piers throughout the bridge, it 

would prove cumbersome and repetitive.  A more beneficial analysis would be to 

determine the minimum horizontal load that may lead to cracking.  This minimum 

horizontal load could then be considered a maximum design load, ensuring that the 

stress-state within the piers remains at an acceptable level.  This would produce 

information that bridge designers could rely on when considering thermal loads and 

designing a bridge's substructure.  With knowledge of the maximum safe horizontal 

design load, the support piers can be designed with an appropriate stiffness so that 

thermal forces are minimized, lessening the potential for adverse behaviors (i.e. cracking 

in the piers). 
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5.7 Summary and Conclusions 

 This chapter provided a comprehensive investigation into the response of the Man 

Bridge under uniform thermal loading.  Results of a field investigation, documented in 

Chapter Three, lead to the hypothesis that thermal forces were the cause of several 

adverse behaviors, including deformed bearing anchor bolts and significant amounts of 

cracking throughout the concrete support piers.  The analysis within this chapter 

presented clear evidence substantiating this hypothesis. 

 Longitudinal thermal deformation of the steel I-girder superstructure is up to 55% 

less than the design temperature movement range, indicating that the guided expansion 

bearings are not permitting movement in the manner expected when thermal loads are 

present.  Large magnitudes of horizontal shear force were found to develop at each 

support location.  However, the shear force in the bolts was shown to be at an acceptable 

level, well below the nominal capacity of the bolts.  Additionally, elevated levels of stress 

were generated in the bottom flanges of the steel I-girders near the bearing devices.  The 

elevated stresses were compared to stresses that develop in the absence of thermal 

loading, and supported the initial hypothesis.  Thermal stresses of up to 11 ksi were 

recorded.  This finding is notable in that 16% of the steel girder's yield strength is 

consumed by only thermal loads which are typically assumed insignificant.   

 Work and energy principles were introduced to demonstrate that flexure of the 

support piers does not fully mitigate the development of thermal forces at the fixed 

bearings, mainly due to the rigidity of the pier columns.  The amount of strain energy due 

to flexure of the pier was shown to be larger than the amount of work done to cause 

deflection of the pier, indicating that a certain amount of strain energy must have 
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developed in components other than the pier columns.  This behavior is supported by the 

elevated stresses in the I-girder flange and large shear forces in the bearing anchor bolts, 

and confirms that pier flexibility may not always accommodate thermal deformation of a 

slab-on-girder bridge's superstructure.  Lastly, it was shown that the cracking in the 

concrete support piers may be a result of thermal forces transmitted from the 

superstructure, through the anchor bolts.  Using the maximum principal stress failure 

criterion (Rankine's criterion), as is applicable to brittle materials like concrete, it was 

found that the stress-state within the concrete media surrounding the bearing anchor bolts 

is such that the potential for fracture exists.  While each pier was not studied specifically, 

tensile stresses around the anchor bolts in Pier 5 reach 8 ksi, which is well above the 

tensile rupture strength of concrete. 
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CHAPTER SIX 

FEA Case Study  

 

6.1 Introduction 

 The second major goal of this work is to determine how best to prevent the 

development of thermal forces in a horizontally curved continuous steel I-girder bridge.  

To achieve this, finite element analysis (FEA) is once again utilized to conduct a case 

study using Unit 2 of the Man Bridge.  The main purpose behind employing bridge 

expansion bearings is to minimize the development of thermal forces with a bridge's 

superstructure and substructure.  As was illustrated in Chapter Five, the original bearing 

arrangement employed on the Man Bridge consisted of numerous fixed bearings at 

multiple consecutive support locations with relatively few guided expansion bearings.  

This particular bearing arrangement resulted in large thermal forces that were shown to 

be the likely cause of adverse conditions within the bridge.  In order to prevent the 

development of thermal forces, the guided bearings must be oriented in a particular 

manner.  However, this process can be challenging on horizontally curved continuous 

structures due to the complex nature of their response under thermal loading.  Current 

AASHTO design specifications do not adequately specify the proper method with which 

to align the guided bearings.  Within this chapter, a specific determination will be made 

concerning the preferred orientation of guided expansion bearings on a horizontally 

curved continuous steel I-girder bridge.    

 The case study presented in this chapter compares the thermal response of Unit 2 

under the influence of two additional bearing arrangement schemes.  The boundary 
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conditions are modified so that a minimal number of fixed bearings are employed while 

using as many expansion bearings as possible.  A key focal point of this chapter is to 

determine where the fixed bearings should be located within a curved I-girder bridge.  

Once the boundary conditions within the Man Bridge FE model have been modified, data 

similar to that discussed in Chapter Five is analyzed, including bearing displacement, 

stresses in the bottom flanges near the bearing devices, horizontal shear force in the 

bearing anchor bolts and stresses in the support piers.  The two new bearing arrangements 

are compared with one another and with results from Chapter Five to demonstrate what 

type of bearing scheme best accommodates thermal deformation and mitigates thermal 

forces within a curved steel I-girder superstructure 

 

6.2 New Bearing Arrangement Schemes 

 The two new bearing arrangements are illustrated in Figures 6.1 and 6.2.  These 

arrangements were designed to allow the bridge’s horizontally curved steel superstructure 

to displace in a freer manner when subjected to thermal loading, thereby minimizing the 

potential development of thermal forces.  Most notably, two sets of fixed bearings were 

removed and replaced with expansion bearings, leaving fixed bearings at only a single 

interior pier.  The new bearing arrangements are implemented in close accordance with 

AASHTO (2007), where it is stated within a horizontally curved bridge, all expansion 

bearings should be oriented to permit translation relative to a single point and that any 

other orientation will allow the development of thermal forces.  However, this point, thru 

which the guided bearings should be aligned is not clearly defined.  However, it is 

presumed that this point should be a location where fixed bearings are placed.  Since 
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thermal forces need to be minimized, fixed bearings will only be utilized at one interior 

pier and all guided bearings are be oriented to allow translation relative to this point.  

When considering at which interior pier the fixed bearings should be placed, two options 

were considered most acceptable.  First, as shown in Figure 6.1, fixed bearings were 

placed at Pier 9 so that an equal number of supports (3) is located on either side.  Pier 9 is 

also the support nearest to the geometric center of the bridge.  A second new bearing 

arrangement places fixed bearings at Pier 8 and expansion bearings at all other support 

locations, as illustrated in Figure 6.2.  Pier 8 is very near the stationary point of the bridge 

as it is subject to thermal loading, therefore, placing the fixed bearings here may result in 

minimal magnitudes of resultant thermal forces throughout the bridge.  The bearing 

arrangement with fixed bearings at Pier 9 is termed "Case 1" and "Case 2" is used to 

denote the other arrangement. 

  

  

 

 

 

 

 

 

 

 

 

Free bearing Guided bearing X Fixed bearing
Pier 6R Pier 7 Pier 8 Pier 9 Pier 10 Pier 11 Abutment 2

G1 X
G2 X
G3 X
G4 X

Pier 6R 

Pier 7 

Pier 11 

Pier 8 
Pier 10 

Pier 9 

Abut 2 

Figure 6.1. Bearing arrangement modification Case 1 

Case 1 
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6.3. Superstructure Translation at the Bearings 

 Before investigating the development of thermal forces and the related effects, 

data pertaining to bearing displacement throughout the bridge under the new bearing 

arrangements is presented.  The deformed shapes of the concrete bridge deck for Case 1 

and Case 2 under each load case are shown in Figures 6.3-6.6.  Firstly, these figures show 

that there is practically no lateral deflection in the pier where the fixed bearings are 

located.  Lack of movement at this support means that the guided bearings are likely to 

remain keep their initial orientation and function in the expected manner. 

 Second, these deformed shapes can be compared to Figures 5.4 and 5.6 to 

understand the effect of the new bearing arrangements in comparison to the original 

Pier 6R 

Pier 7 

Pier 11 

Pier 8 
Pier 10 

Pier 9 

Abut 2 

Pier 6R Pier 7 Pier 8 Pier 9 Pier 10 Pier 11 Abutment 2
G1 X
G2 X
G3 X
G4 X

Free bearing Guided bearing X Fixed bearing

Case 2 

Figure 6.2. Bearing arrangement modification Case 2 
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bearing scheme.  Two keys findings are readily discernable from these figures.  Clearly, 

the replacement of many of the fixed bearings in the new bearing arrangements is 

allowing a much greater degree of thermal deformation within the superstructure.  A 

major positive outcome of this is that thermal forces in the steel I-girders, bearing anchor 

bolts and support piers will likely be significantly lower compared to values produced by 

the FE model under the original bearing arrangement.  In addition, the influence of radial 

(i.e. transverse) bearing displacement appears to be less under the new bearing 

arrangements.  This section also examines the displacement of the superstructure subject 

to the uniform thermal loads after the introduction of the new bearing arrangements.     
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Figure 6.3.  Case 1 thermal movement under the +60oF thermal load 

Figure 6.4.  Case 2 thermal movement under the +60oF thermal load 
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Figure 6.5.  Case 1 thermal movement under the -70oF thermal load 

Figure 6.6.  Case 2 thermal movement under the -70oF thermal load 
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 Figures 6.7 and 6.8 plot the magnitude of  longitudinal bearing displacement at 

Piers 6-11 and Abutment 2.  Bearing displacement for Case 1 and Case 2 (as noted 

above) are compared against one another and bearing displacement values from Chapter 

5 (the original bearing arrangement provided in the design drawings).  The displacement 

data confirms that the point of zero translation within the superstructure is very near Pier 

8.  Under the original bearing arrangement, longitudinal displacement at Pier 8 is 

approximately 0.20 in.  Comparing this to Case 2, where displacement is 0.11 in., 

demonstrates that this new bearing arrangement has little effect on displacement at Pier 8, 

unlike the rest of the structure.  Additionally, it is clearly shown that in Case 1 and Case 2 

the displacement of the guided bearings at Piers 7-9 is greater than the original values.  

Such a response indicates that the support piers were in fact restraining thermal 

deformation at these locations.  

 It is also seen that the location of the fixed bearings has a considerable impact on 

the magnitude of bearing displacement throughout the bridge.  For example, look closely 

at bearing displacement Abutment 2.  Bearing displacement, which can be approximated 

using Equation 5.1, depends on the expansion length L.  This length is variable depending 

on where the fixed bearings are placed.  When the fixed bearings are placed at Pier 8, 

length L is larger than if the fixed bearings were placed at Pier 9, resulting in a larger 

value for bearing displacement.  For reasons such as this, determining which bearing 

arrangement is more suitable for permitting thermal deformation of the superstructure can 

be difficult to achieve.  Examining the magnitude of theoretical longitudinal bearing 

displacement may provide a better understanding as to which arrangement is preferable.  
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Figure 6.7.  Bearing displacement under the +60oF thermal load 
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Figure 6.8.  Bearing displacement under the -70oF thermal load 
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 Figures 6.9 and 6.10 plot the maximum theoretical bearing displacement range 

against FE model predictions for each new bearing arrangement.  Similar to Chapter 

Five, the theoretical bearing displacement range is determined using Equation 5.1 with 

expansion length L measured relative to either Pier 9 (Case 1) or Pier 8 (Case 2).  It is 

clear that Equation 5.1 overestimates the magnitude of bearing displacement predicted by 

the FE model.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Theoretical FE model prediction % Diff
Pier 6R 5.90 5.37 9
Pier 7 4.31 3.89 10
Pier 8 2.41 2.20 9
Pier 9 0 0.08 -
Pier 10 1.91 1.67 12
Pier 11 3.42 2.92 15
Abut 2 4.93 4.37 11

Longitudinal Displacement (in)

Table 6.1.  Theoretical vs FE predicted bearing displacement - Case 1 

Theoretical FE model prediction % Diff
Pier 6R 3.49 3.21 8
Pier 7 1.91 1.73 9
Pier 8 0 0.13 -
Pier 9 2.41 2.15 11
Pier 10 4.31 3.84 11
Pier 11 5.83 5.09 13
Abut 2 7.34 6.28 14

Longitudinal Displacement (in)

Table 6.2.  Theoretical vs FE predicted bearing displacement - Case 2 
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Figure 6.9.  Maximum bearing displacement range for Case 1 
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Figure 6.10.  Maximum bearing displacement range for Case 2 
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 The difference between bearing displacement values is tabulated in Table 6.1 and 

6.2 for Case 1 and Case 2, respectively.  Thermal movement computed using Equation 

5.1 is 8-14% larger than predicted values, with Case 2 providing the more agreeable 

values.  The analysis of bearing displacement under each new bearing arrangement 

confirms that the equation included in AASHTO design specifications for determining 

thermal movement (Equation 5.1) does not provide accurate predictions for horizontally 

curved I-girder bridges.  As seen here, Equation 5.1 overestimates the actual magnitude 

of thermal deformation.  A key consequence of this may occur during the design process 

when bearing devices are over-designed, reducing overall bridge economy.  

 

6.4 Shear Force in the Bearing Anchor Bolts 

 As discussed in Chapter Five, the magnitude of horizontal shear force that 

develops in the bearing anchor bolts due to thermal loading can be very important.  As 

horizontal forces act on the anchor bolts, force effects are transferred into the concrete 

piers, which lead to unexpected stresses, since thermal forces are not typically given 

significant attention.  The original bearing arrangement employed on the bridge allowed 

for the development of large thermal forces, especially at locations where fixed bearings 

were placed.  The two new bearing arrangements removed most of these fixed bearing 

devices and replaced them with expansion bearings.  This section examines the shear 

force in the bearing anchor bolts under the newly designed bearing arrangements. 

 Figures 6.11-6.14 plot the magnitude of horizontal shear force that develops in 

each anchor bolt group.  In Case 1, the total shear force generated at any of the guided 

bearings is less than 100 kips.  For Case 2, the total shear force climbs to 130-158 kips at 
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each pier where guided bearings are located.  Note that these values are the total 

magnitude of horizontal force that develops at the bearing.  As seen in the figures, the 

distribution of this force is mostly even between the two guided bearing devices at each 

support.  The same shear force values are compared against one another in Figures 6.15 

and 6.16.   Shear force that develops in the anchor bolts under the original bearing 

arrangement is also plotted.  The reduction in shear force where the fixed bearings were 

replaced is very clear.  Under the original bearing arrangement, a total shear force of 

approximately 600 kips developed at Pier 7 and Pier 9.  Under the new arrangements, 

shear force is around 200 kips.  It is evident that Case 1 results in lower magnitudes of 

shear force in the bearing anchor bolts. 
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Figure 6.11.  Shear force acting at each bearing under the +60oF load - Case 1 
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Figure 6.12.  Shear force acting at each bearing under the -70oF load - Case 1 
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Figure 6.13.  Shear force acting at each bearing under the +60oF load - Case 2 
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Figure 6.14.  Shear force acting at each bearing under the -70oF load - Case 2 
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Figure 6.15.  Total shear force acting at each support (Temp +60oF) 
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6.5 Flange Stress at the Bearings 

  The two new bearing arrangements were designed in order to prevent the 

development of thermal stresses throughout the horizontally curved steel superstructure.  

This section investigates the stress-state in the bottom flange of the steel I-girders at each 

bearing to help determine which of the two bearing arrangements is more preferable for 

minimizing thermal stresses.  Effective stress, as well as stresses in a longitudinal and 

transverse direction, are extracted from the FE models to provide a comprehensive 

description of the thermal response at each support.  All of these stress values are plotted 

in Figures 6.16-6.22. 

   

Figure 6.16.  Total shear force acting at each support (Temp -70oF) 
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Figure 6.16.  Effective stress at the bearings under +60oF load 
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Figure 6.17.  Effective stress at the bearings under -70oF load 
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Figure 6.19.  Longitudinal stress at the bearings under -70oF 

Figure 6.18.  Longitudinal stress at the bearings under +60oF 
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Figure 6.22.  Transverse stress at the bearings under -70oF 

Figure 6.21.  Transverse stress at the bearings under +60oF 
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 The approximate magnitude of effective stress at each bearing is plotted in 

Figures 6.17 and 6.18.  Most intriguing from these plots is that the effective stress at Pier 

7 and Pier 9 is not significantly reduced with the introduction of the new bearing 

arrangements.  Recall that in the originally, fixed bearings were employed at these 

locations.  Now that expansion bearings have been implemented, effective stress remains 

near 10 ksi under the +60oF load case.  In fact, effective stress is above 5 ksi throughout 

the Unit 2, and actually increases notably at Pier 6 under the -70oF load case.  There are 

two probable explanations for this behavior.  First, when the fixed bearings are replaced, 

two guided bearings are input in place of four fixed devices.  Therefore, any thermal 

force that does develop is resisted by two bearing devices, rather than four.  Stress at Pier 

6 is elevated because the expansion length is measure from Pier 8 or Pier 9, rather than 

Pier 7, therefore, any thermal stresses that develop will likely be larger. 

 Longitudinal stress is plotted in Figures 6.19 and 6.20.  The significant reduction 

in longitudinal stress at Pier 7 and Pier 9 is apparent in these figures, most notably under 

the +60oF thermal load.  At Pier 9, a 28% drop in stress is recorded.  Stress at Pier 7 is 

reduced 30%.  This is clearly a result of introducing expansion bearings at these 

locations.  Stress at Pier 8 is also reduced, if only slightly.  At the guided bearings at Pier 

10 and Pier 11, longitudinal stress is 5-6 ksi under both new bearing arrangements.  

Under Case 1, the guided bearings at Pier 7 and Pier 8 develop stresses of approximately 

7 ksi.  Under Case 2, stress at Pier 7 is 6 ksi, while stress at Pier 9 reaches 7 ksi. 

 Significant information is learned by examining the transverse stresses throughout 

the bridge, shown in Figures 6.21 and 6.22.  With the bearing arrangement in Case 2 

applied, transverse stress does not exceed 3 ksi at any guided bearing.  This is compared 
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to results obtained from the original FE model where transverse stress approached 10 ksi 

at Piers 6-9 and was 6-7 ksi at Pier 10 and Pier 11.  Additionally, it is evident that the 

bearing arrangement provided in Case 2 minimizes the development of transverse 

stresses more so than Case 1.  With the Case 1 bearing arrangement applied to the FE 

model, transverse stress approaches 5 ksi at Piers 6, 9, 10 and 11 (4 ksi).  This is more 

than 100% larger than stresses generated under the bearing arrangement in Case 2.  The 

low levels of transverse stress shown indicate that the bearing arrangement in Case 2 

reduces the influence of transverse movement of the superstructure as it undergoes 

thermal deformation.  Recall from Chapter Two that a major problem on horizontally 

curved bridges is reducing the impact of restrained radial (i.e. transverse) movement.  

Clearly, this newly designed bearing arrangement reduces the potential for adverse 

effects due to radial movement of the superstructure.  Nonetheless, contrary to AASHTO 

design specifications, although small, thermal stresses are not zero. 

   

6.6 Stresses in the Support Piers 

 As demonstrated in Chapter Five, the cracking prevalent in the bridge's concrete 

support piers was substantiated using data generated by the Man Bridge FE model 

(Section 5.6).  The use of numerous fixed bearings is the primary cause behind this 

behavior.  Large horizontal shear force in the bearing anchor bolts were transmitted into 

the support piers through bending.  The two new bearing arrangements replace many of 

the fixed bearings with guided expansion bearings in order to prevent the development of 

thermal forces at the support piers.  Even so, the most preferable method for orienting the 

guided bearings is still unclear.  Throughout this chapter, two newly designed bearing 
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arrangements have been compared based on their effect towards 1) maximizing 

superstructure displacement at the bearings, 2) minimizing shear force development in 

the bearing anchor bolts and 3) minimizing thermal stresses in the bottom flange of the 

steel I-girders.  However, the most signifcant behavior documented during the field 

investigation of the Man Bridge, and in the literature presented in Chapter Two, pertains 

to cracking in the concrete support piers.  This section compares effective stress (σe) and 

the maximum principal stress at each support pier under the new bearing schemes.  

Examining the effective stress in the piers provides a general comparison of the total 

stress state in the piers, while the maximum principal stress is compared to the tensile 

strength of the concrete material to determine the potential for fracture. 

 An example effective stress contour plot of Pier 7 is shown in Figure 6.23.  It is 

clearly seen that replacing the fixed bearings with guided bearings has significantly 

reduced the magnitude of effective stress throughout the piers.  Under the original 

bearing arrangement, σe at Pier 7 is over 3.5 ksi.  With the new arrangements 

implemented, σe is below 400 psi in both cases.  Table 6.3 summarizes the approximate 

maximum values for σe at each pier, where the reduction in stress at Pier 7 and Pier 9 is 

very apparent.  At Pier 9 and Pier 8, which are locations where the fixed bearings are 

placed in the new bearing arrangements, σe is 600-975 psi.  At the guided bearings, σe is 

generally less than 400 psi, with smaller values developing under Case 2.   It should be 

noted that stress in Pier 10, at the guided bearing under Girder 3, is relatively high (700-

800 psi), especially under the +60oF thermal load.  The precise actions leading to this 

response are unknown, but likely result from the bearing becoming restrained in some 

manner.  
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Figure 6.23.  Effective stress contour plot of Pier 7 

original bearing arrangement 

σe = 3.5 ksi 

Case 1 

σe = 400 psi 

Case 2 

σe = 400 psi 
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 While the effective stress comparisons in Table 6.3 provide valuable information 

regarding the general state of stress in the piers, principal stresses must be studied as 

well.  Similar to Section 5.6, the maximum principal stress failure criterion (Rankine's 

criterion) is utilized to determine if the thermal stresses in the piers are large enough to 

cause fracture of the concrete.  Table 6.4 tabulates the approximate maximum principal 

stress (σp,max = σ1) that develops in each support pier.  The data provided here shows that 

the maximum principal stress at Piers 6-8 and at Pier 11 is 74-84% of the tensile strength 

of the concrete under the Case 1 bearing arrangement.  Under Case 2, 49-74% of the 

tensile strength is consumed due to thermal stresses.  Replacing the fixed bearings at Pier 

7 and Pier 9 significantly reduces the maximum value of σ1.  The bearing arrangement in 

Table 6.3.  Effective stress (σe) at each pier 

Original Case 1 Case 2
Pier 6R 350 300 200
Pier 7 3500 375 300

Pier 8 700 400 890

Pier 9 4500 600 475

Pier 10 1000 700 300

Pier 11 600 350 300

Original Case 1 Case 2
Pier 6R 200 300 250

Pier 7 5100 400 300

Pier 8 500 300 975
Pier 9 4000 900 300
Pier 10 600 800 250
Pier 11 200 350 250

Temp +60oF

Temp -70oF
σe,max (psi)

σe,max (psi)
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Case 2 is clearly produces the more preferable stress state in the piers.  Values of σp,max 

are lower compared to the original FE model, excluding Pier 11 where stress increases.  

This is especially true to the +60oF load case, where  σp,max increases from 200 psi to 400 

psi.  The increase in stress at Pier 11 is likely due to the greater expansion length L.  

Maximum principal stress at the fixed bearings is large enough that fracture of the 

concrete is probable at these locations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Table 6.4.  Maximum principal stress (σp,max) at each pier 

Original Case 1 %σp/σT Case 2 %σP/σT

Pier 6R 250 350 74 200 42
Pier 7 4300 400 84 300 63
Pier 8 400 400 84 820 173
Pier 9 5000 800 169 500 105
Pier 10 400 500 105 400 84
Pier 11 200 400 84 400 84

Original Case 1 %σP/σT Case 2 %σP/σT

Pier 6R 300 350 74 230 49
Pier 7 5800 400 84 350 74
Pier 8 500 350 74 1100 232
Pier 9 5100 960 203 500 105
Pier 10 400 500 105 250 53
Pier 11 200 350 74 250 53

Temp +60oF

Temp -70oF
σp,max (psi)

σp,max (psi)



163 

6.7 Summary and Conclusions 

 This chapter provided a straightforward investigation to determine what bearing 

arrangement scheme is most preferable for preventing the development of thermal force 

effects in a horizontally curved continuous steel I-girder bridge.  Proper orientation of the 

guided expansion bearings in a curved continuous girder bridge is often a difficult task 

due to the complexity of bridge movements under thermal loads.  If not aligned correctly, 

thermal stresses will develop at the bearings, possibly leading to unfavorable behaviors.  

AASHTO (2007) suggests that guided bearings be oriented toward a single point within a 

curve bridge, but the preferred location of this point is unclear. 

 Within this study, the fixed point mentioned in AASHTO (2007) is assumed to be 

located at a single interior support pier, where fixed bearings are then placed.  Then, 

without altering the span configuration of the bridge two new bearing arrangements were 

designed with the intention of maximizing thermal deformation of the steel I-girder 

superstructure.  In Case 1, the fixed bearings are placed at Pier 9, nearest to the bridge's 

geometrical center.  In Case 2, the fixed bearings are at Pier 8, near the bridge's point of 

zero translation.  All the remaining supports employed guided and free expansion 

bearings, with the guided bearings oriented on rays emanating from the fixed bearings.   

 Longitudinal displacement of the guided bearings is difficult to compare between 

the new bearing arrangements, mostly because the expansion length relative to the fixed 

bearings varies.  It was shown, however, that the design equation for computing the 

temperature movement range in curved bridges underestimates the magnitude of bearing 

displacement, with more agreeable values offered by the arrangement in Case 2.  When 
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applying this equation to longitudinal movements in horizontally curved steel girder 

bridges, it may be appropriate to consider introducing a reduction factor. 

 The horizontal shear force that develops in the bearing anchor bolts under the 

bearing arrangement in Case 1 is more desirable than that of Case 2.  However, when 

contrasted with values from Chapter Five, very little of the bolts' nominal shear capacity 

is consumed.  Comparing thermal stresses that develop in the bottom flanges near the 

bearing devices, it is shown that the bearing arrangement in Case 2 results in lower 

magnitudes of stress.  Transverse stress is less than 3 ksi in the flanges at each support, 

compared to 5-6 ksi in Case 1.  The data demonstrates that transverse (i.e. radial) 

movement within the curved superstructure is mostly insignificant.  This is a significant 

outcome because restrained transverse movement within a bridge's superstructure is a key 

factor in the development of adverse behavior in curved girder bridges. 

 Lastly, the stress-state in the concrete piers is evaluated.  Rankine's criterion was 

utilized to determine whether not tensile fracture is probable in the concrete piercaps.  

Once more, the bearing arrangement in Case 2 produces more preferable results.  For 

Case 1 and Case 2, four out of six piers developed stresses below the tensile strength of 

the concrete material.  However, stresses in the piers under the bearing arrangement in 

Case 2 were lower compared to Case 1.   

 Considering all the findings made within this chapter, the preferable bearing 

arrangement places fixed bearings at or near the structure's point of zero translation and 

guided (and free) expansion bearings at all other supports.  The guided bearings should 

be oriented as suggested in AASHTO design specifications, which minimizes, but does 
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not prevent the development of thermal forces.  Additionally, the use of fixed bearings at 

multiple consecutive support piers is undesirable and should be avoided. 
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CHAPTER SEVEN 

Conclusions, Recommendations, and Future Work 

 

7.1 Conclusions 

 The main goal of this work was to demonstrate that thermal deformation of a slab-

on-girder continuous steel I-girder superstructure, when restrained against thermal 

deformation, can lead to detrimental conditions throughout a bridge.  During a field 

investigation of the Man Bridge, an in-service steel I-girder structure, several undesirable 

behaviors were documented.  These behaviors included deformed bearing anchor bolts, 

deformation at the bridge bearing devices, and significant amounts of cracking 

throughout many of the concrete support piers.  After ruling out other loading conditions 

that could have caused such behavior, it was hypothesized that thermal forces were the 

probable culprit.  In order to substantiate this claim, 3D finite element modeling and 

analysis of the 12-span continuous steel I-girder bridge was completed.  This included 

modeling the steel I-girders, concrete bridge deck, concrete support piers, and bridge 

bearing devices using ADINA (2009) FEA software.   

 After investigating the behavior of the Man Bridge under two uniform thermal 

loads, a second objective was pursued.  This involved modifying the bearing arrangement 

(i.e. boundary conditions) of a horizontally curved portion of the bridge to determine 

what arrangement minimizes the development of thermal forces.  Such an investigation 

was warranted due to certain vagueness within AASHTO bridge design specifications 

and past literature.  This chapter summarizes the chief findings discovered during the 

FEA investigations performed throughout this dissertation. 
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 7.1.1 FEA of the Man Bridge  

 The foremost objective of this work was to determine whether or not the 

observations made during the field investigation were a result of thermal forces.  

AASHTO bridge design specifications state that thermal forces are minimal when 

expansion bearings are placed throughout a bridge in a particular manner.  Many bridge 

designers posit that substructure flexibility will alleviate any thermal forces that happen 

to develop.  As the interior support piers deflect laterally, thermal forces within a bridge's 

superstructure are relieved.  However, little consideration is given to the potential 

consequences of this action.  Additionally, established literature has not considered the 

effects of thermal forces on elements within the substructure.  According to the field 

investigation covered in Chapter Three, such consequences can be harmful and may 

include deformation of the anchor bolts and around the bearing devices, and cracking 

throughout the concrete piercaps.   

 To determine the effect of thermal forces within the Man Bridge, five key 

responses were examined.  These included superstructure translation, shear force 

development in the bearing anchor bolts, the effect of pier flexure, thermal stresses in the 

steel superstructure, and stresses in the support piers.  Analysis of the FE model data 

concerning the bridge's response in these areas provided the following conclusions 

regarding bridge behavior when subject to uniform thermal loading: 

 

1.  Bearing displacement throughout the bridge is significantly less than the design 

temperature movement range.  This indicates that the bearing arrangement is 
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constraining thermal deformation of the steel superstructure, a response that was not 

anticipated during the bridge's design. 

 

2.  The magnitude of shear force in the bearing anchor bolts exceeds the minimum 

horizontal design loads, proving that the development of thermal forces was 

underestimated.  This is true at the guided expansion bearings, as well as the fixed 

bearings.  However, the shear resistance provided by the anchor bolts is well above 

the resultant shear forces. 

 
3.  The ability of the support piers to deflect laterally, thereby alleviating thermal forces 

due to the placement of fixed bridge bearings, is misjudged on the Man Bridge.  

Thermal stresses in the superstructure reach 11 ksi and the effect of thermal forces is 

very evident throughout the substructure.  Principles of work and energy were used to 

demonstrate that a large amount of thermal force is imparted to the bearing anchor 

bolts and piercaps.  The flexural rigidity of the pier columns is too high to effectively 

permit the needed magnitude of lateral deflection in order to fully accommodate 

thermal deformation of the attached superstructure. 

 
4.  At several of the supports with fixed bearings, the development of thermal forces due 

to uniform thermal load leads to a 275% increase in effective stress, compared to 

stresses when a thermal load is absent.  This is a clear indication that lateral deflection 

of the support piers does not alleviate thermal stresses within the bridge's 

superstructure. 
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5.  Using Rankine's failure criterion, the stress-state generated in the concrete support 

piers was shown to be favorable for tensile fracture, which could lead cracking as 

observed during the field investigation.  The FE model(s) produced stresses of over 7 

ksi in the concrete, which has a tensile rupture strength of 474 psi.  This was 

substantiated using an additional 3D solid model of a representative support piercap.   

 

The preceding conclusions offer very firm evidence that the behaviors 

documented during the field investigation of the Man Bridge are highly likely to be the 

result of restrained thermal deformation within the bridge’s steel I-girder superstructure.   

 

 7.1.2 FEA Case Study 

 The second major objective of this dissertation is to determine what bearing 

arrangement scheme is most preferable when attempting to minimize thermal forces 

within a horizontally curved continuous steel I-girder bridge.  When subject to thermal 

loading, the response of these types of bridges is complex.  Superstructure translation 

occurs in multiple directions but must be accommodated by unidirectional (i.e. guided) 

bridge bearings.  Properly aligning the guided bearings is a difficult task. Since AASHTO 

bridge design specifications are unclear regarding the most preferable bearing 

arrangements for curved bridges, and very little research has been conducted on the topic 

using large structures, the conclusions provided here should greatly assist bridge 

designers when selecting a satisfactory bearing design.  To accomplish the stated 

objective, various bearing arrangements were introduced and applied the horizontally 

curved portion of the Man Bridge FE model.  Data pertaining to bearing displacement, 
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shear force in the anchor bolts, stresses in the steel I-girders, and stresses in the support 

piers were extracted and compared between the two new arrangements to establish which 

set of boundary conditions produced the more acceptable results. 

 The key conclusion reached during the completion of this objective is that placing 

fixed bearings at one interior support, near the bridge's point of zero translation, and 

orienting the remaining guided bearings in a chordal manner offers the most acceptable 

structural response to uniform thermal loads.  A major concern in horizontally curved 

bridges is the development of transverse force effects.  However, with a bearing 

arrangement implemented as described above, transverse stress at the bearings is fairly 

low, at 2-3 ksi.  Additionally, it was shown that the design equation in AASHTO 

specifications for computing the maximum temperature movement range is not directly 

applicable to horizontally curved members.  According to the data, if this particular 

equation is to be used for curved bridges, a reduction factor needs be applied in order to 

prevent over-designing the bridge bearings. 

 

7.2 Recommendations for Minimizing Thermal Forces 

 A final objective of this dissertation is to put forth recommendations on how best 

to minimize thermal forces in continuous steel I-girders bridges with and without 

horizontal curvature.  The following recommendations were formulated in light of 

analysis from the FE models and the conclusions provided in Section 7.1.  They are 

meant to provide guidance to bridge designers when considering temperature loads on 

steel I-girder bridges with individual support piers. 
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1.  Minimize the use of fixed bearing devices.  Placing fixed bearings at multiple 

consecutive interior piers introduces a large amount of restraint against thermal 

movement.  This will result in the development of thermal forces and the potential for 

adverse behaviors, as shown throughout this work.   

 
2.  If substructure flexibility is a desired method for alleviating thermal forces, ensure that 

the flexural rigidity of the pier columns is such that they can undergo the magnitude of 

deflection required to minimize thermal force effects in all structural components. 

 

3.  When using the traditional equation to calculate superstructure movement due to 

temperature loads horizontally curved bridges, note that the magnitude of longitudinal 

displacement is overestimated. 

 
4.  When designing a bearing arrangement for employment on horizontally curved steel I-

girder bridges, the most preferable arrangement places fixed bearings near the bridge's 

stationary point and aligns the guided bearings in a chordal manner relative to this 

point.  This bearing scheme minimizes the development the thermal stresses in the 

superstructure and the substructure 

 

7.3 Future Work 

 The work presented in this dissertation, while comprehensive and detailed, is not 

without potential improvements and expanded analyses.  The following are suggestions 

on how to approach further investigations relating to the work performed throughout this 

study. 
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1.  It is well-established that a temperature gradient through the depth of a steel I-girder 

superstructure elicits more complex structural responses compared to uniform thermal 

loads.  The application of a temperature gradient in the Man Bridge FE model would 

be a logical next step regarding bridge analysis under thermal loading.  

 
2.  The stiffness of the spring elements used to model the guided bridge bearings could be 

adjusted in order to account for friction forces within the bearing devices. 

 

3.  The technique chosen for modeling the bridge bearings could be modified so that 

thermal forces are imparted into elements representing the actual bearing guides.  This 

would allow for a more precise determination of the effects of thermal forces within 

the actual bearing assemblies. 

 
4.  Although accounted for and mostly non-influential, the transfer of vertical load from 

the superstructure to the substructure should not occur through the elements 

representing the bearing anchor bolts.  Removing what little vertical load that 

currently develops in these elements would allow for more accurate results from the 

FE model. 

 
5.  The material model of the 3D solid model could be modified and a crack propagation 

analysis could be completed to more precisely investigate fracture within the concrete 

piers. 

 
6.  Along with the above suggestion (5), a crack propagation analysis under cyclical 

loading would be very useful.  The investigations performed in this dissertation relied 
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on static loading conditions.  It is recognized that bridge temperature varies gradually 

on a 24-hour and seasonal cycle.  The effects of such cyclical behavior were not 

captured in this dissertation. 
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