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1 ABSTRACT 
 

Longer span lengths and faster erection make horizontally curved steel bridges an 

attractive choice for highway flyovers compared to concrete bridges. However, the 

mechanical behavior of curved steel girder superstructures is complex. Curved girders 

experience high torsion and warping under the applied loads.  The web of the slender 

curved girders may undergo large lateral deformations. The combined effect of bending 

stresses and web deformations can cause high secondary stresses at the web 

boundaries. In addition, the restrained lateral translations at the bracing connections can 

cause stress concentrations that are added to significant stresses that are locked in 

during fabrication and erection. While these stresses may not significantly influence the 

nominal bending strength definition used in bridge design, the resulting fatigue crack 

potential could affect service life and future maintenance costs. The overall objective of 

the study was therefore to define the mechanisms associated with fatigue cracks that 

could occur in curved steel bridge girders with slender webs. A comprehensive literature 

review of curved girder fatigue studies was conducted that confirmed that only a couple 

of studies have been conducted on this topic, which were several decades ago.  

Approaches for analyzing stress concentrations in curved girder systems using finite 

element were investigated, which led to the adoption of a sub-modeling simulation 

technique that was applied to investigate the web performance at the transverse stiffeners 

connection to the bottom flange where the lateral displacements were restrained. The 

analyses indicated that there is significant potential that fatigue cracks will occur at the 

web to transverse stiffener connection near the bottom flange.  

 

 

 



vi 
 

TABLE OF CONTENTS 

Abstract .......................................................................................................................... v 

List of Figures ............................................................................................................. viii 

List of Tables ................................................................................................................. x 

Chapter 1 Introduction .................................................................................................. 1 

1.1 Problem Overview .......................................................................................... 1 

1.2 Objectives ....................................................................................................... 1 

1.3 Report Organization ....................................................................................... 2 

Chapter 2 Curved Girder Mechanics ........................................................................... 3 

2.1 Background .................................................................................................... 3 

2.2 Guide Specification Development Review ...................................................... 4 

2.3 Stability of Curved I-girders ............................................................................ 7 

2.4 V-Load Method ............................................................................................. 12 

Chapter 3 Fatigue Assessment Methods .................................................................. 18 

3.1 Introduction ................................................................................................... 18 

3.2 Nominal-Stress Approach ............................................................................. 19 

3.3 Hot-Spot Stress Approach ............................................................................ 20 

3.4 Linear Elastic Fracture Mechanics (LEFM) ................................................... 24 

3.5 Residual Stress ............................................................................................ 27 

Chapter 4 Special Fatigue Problem Mechanisms ..................................................... 31 

4.1 Distortion Induced Fatigue ............................................................................ 31 

4.2 Web Breathing .............................................................................................. 34 



vii 
 

4.3 Curved Girder Fatigue Research Review ..................................................... 37 

4.4 Current Design Limits ................................................................................... 41 

Chapter 5 Finite Element Analysis............................................................................. 43 

5.1 Model Geometry ........................................................................................... 43 

5.2 Modeling Strategies ...................................................................................... 44 

5.3 FEM Results ................................................................................................. 47 

Chapter 6 Summary and Conclusions ....................................................................... 50 

References ................................................................................................................... 53 

 

  



viii 
 

LIST OF FIGURES 

Figure 2.1 Curved girder stress distributions (Schuenzel 1982) ...................................... 4 

Figure 2.2 Components of longitudinal stress (Hartmann 2005) ..................................... 8 

Figure 2.3 Stresses on the girder as assumed in lateral pressure analogy (Davidson et. 

al 1999) ......................................................................................................................... 12 

Figure 2.4 Two curved girder system (Fiechtl et al. 1987) ............................................. 13 

Figure 2.5 (left) Equivalent forces due to moments; (right) resultant forces of top flange 

(Fiechtl et al. 1987)........................................................................................................ 14 

Figure 2.6 Forces acting at the diaphragm location (Fiechtl et al. 1987) ....................... 15 

Figure 3.1 Flaws in a fillet-welded detail (Fisher et al. 1998) ......................................... 19 

Figure 3.2 AASHTO S-N curves for different detail categories (Grubb et al. 2015) ....... 20 

Figure 3.3 Types of hot-spots (Niemi et al. 2018) ......................................................... 21 

Figure 3.4 Stress distribution through the depth of the welded  

plate (Hobbacher 2016) ...................................................................................... 22 

Figure 3.5 Reference point definition or surface stress  

extrapolation (Hobbacher 2016) ......................................................................... 23 

Figure 3.6 Crack growth phases corresponding to stress intensity  

range (Schijve 2001) .......................................................................................... 26 

Figure 3.7 Measured residual stress patterns (Keating et al. 1990) .............................. 28 

Figure 3.8 ECCS (1976) residual stress pattern distribution (Pasternak et al. 2015) .... 30 

Figure 4.1 Distortion induced fatigue (Li and Schultz 2005) .......................................... 32 

Figure 4.2 Fatigue cracks at  lower end of the vertical connection  

plate (Bowman et al. 2012) ................................................................................. 32 



ix 
 

Figure 4.3 Fatigue cracks at upper end of the connection plate (Bowman et al. 2012) . 33 

Figure 4.4 Web breathing effect for a slender composite bridge  

girder (Crocetti 2001) .......................................................................................... 35 

Figure 4.5 Fatigue cracks locations in slender webs corresponding to  

loading conditions (Roberts and Davies 2002) ................................................... 37 

Figure 4.6 Schematic plan view of test girders (Daniels and Herbein 1980) ................. 39 

Figure 4.7 Test girder configuration (Nakai et al. 1990) ................................................ 41 

Figure 5.1 Load and boundary positions ....................................................................... 44 

Figure 5.2 First buckling mode shape ........................................................................... 45 

Figure 5.3 Global model and submodel ......................................................................... 46 

Figure 5.4 Submodel mesh density ............................................................................... 46 

Figure 5.5 Web stresses in vertical direction (ksi) ......................................................... 47 

Figure 5.6 Tangential (longitudinal) stress distribution (ksi) .......................................... 48 

Figure 5.7 Tangential stress, longitudinal, distribution of submodel (ksi) ...................... 49 

 

  



x 
 

LIST OF TABLES 

Table 2.1 V-Load coefficients (Fiechtl et al. 1987) ........................................................ 17 

Table 4.1 Summary of cross section dimensions (Daniels and Herbein 1980) ............. 40 

Table 5.1 Geometry used in finite element analyses ..................................................... 43 

 

 



1 
 

1  

2  

3 Chapter 1 

4 Introduction 
 

1.1 Problem Overview 

 Horizontally curved steel bridges provide economical design benefits, span 

long distances, have shallow depth, and are more aesthetically pleasing than 

concrete bridges. These structures are the dominant choice for curved highway 

bridges and comprise approximately thirty percent of all U.S. steel bridges (Zureick 

et al. 2000). Large scale research efforts were initiated in the 1970s and continued 

into 1990s to investigate behavior of curved steel girder and to develop design 

guidelines and recommendations (Consortium of University Research Teams 

1975; Zureick, Naqib, and Yadlosky 1994; Structural Stability Research Council 

(SSRC) Task Group 14. 1991). Recently, numerous studies were carried out to 

further investigate the effect of curvature on the stability and strength of slender 

curved girders for more liberal design considerations (Issa-El-Khoury, Linzell, and 

Geschwindner 2014; Frankl and Linzell 2017; Broujerdian, Mahyar, and Ghadami 

2015; Sanchez and White 2012). Although the stability and strength of curved steel 

girders have been comprehensively researched, their design for fatigue is still 

based on straight girder characteristics. 

 

1.2 Objectives 

 The overall objective of the study was to define mechanisms that could lead 

to fatigue problems in the girders of horizontally curved steel bridge 

superstructures. The following tasks were done to achieve the aim:  
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• Review the mechanics of curved girder systems; 

• Define the fatigue problem mechanisms in slender straight and curved 

girders based on prior research by others; 

• Determine finite element modeling approaches that can be used to analyze 

the fatigue characteristics curved bridge girders. 

 

1.3 Report Organization  

Chapter 2 presents the mechanics of curved girders and how the applied 

vertical loads affect the resulted stress components. A brief background of specific 

curved girder stresses is given at the beginning, followed by a guide specification 

development review. The stability of the flange and web of the curved I-girders is 

then reviewed and the V-load method of analysis is explained.  

Chapter 3 discusses relevant fatigue assessment methods, including 

nominal-stress, hot-spot stress, and the linear elastic fracture mechanic (LEFM) 

method. Finally, residual stress effect on fatigue life of steel structures is 

presented.  

Chapter 4 addresses fatigue problems associated with straight multiple 

girder systems and slender girders. Distortion induced fatigue and web breathing 

are discussed, and fatigue studies specific to curved girders are reviewed.  Current 

fatigue design limits related to each type of fatigue problems are also presented.  

Chapter 5 presents the development of the finite element modeling 

approach. Two modeling strategies developed to capture the potential fatigue 

cracking regions are explained and the results are discussed.  

Chapter 6 presents the summary, conclusions and recommendations resulting 

from the project.  
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5  

6  

7 Chapter 2 

8 Curved Girder Mechanics 
 

2.1 Background 

Curved girders experience torsional load upon receiving the vertical loading 

due to curvature that adds complexity to analysis and design compared to straight 

girders (Culver and Nasir 1969). Curved girder cross-section normal stress 

components are due to bending, lateral (radial) bending, warping and distortional 

stresses; shear stresses include uniform (St. Venant) and non-uniform torsion, as 

illustrated in Figure 2.1 (Schuenzel 1982). Extensive research has been carried 

out to study the effect of these stresses on the behavior of curved girders. After a 

brief timeline describing the research events that took place in the field of 

horizontally curved bridges, additional discussion of these investigations is 

provided. 
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Figure 2.1 Curved girder stress distributions (Schuenzel 1982) 

 

2.2 Guide Specification Development Review 

Before the mid-1960s, research on the behavior of horizontally curved 

girders was limited to theoretical work based on the linear elastic static behavior 

of curved elements. The earliest work on curved beam theory attributed by St. 

Venant (1843) over 170 years ago (Ziemian 2010). The initial step toward 

developing a guide specification for designing the curved bridges started by the 

Consortium of University Research Teams (CURT) project in 1969. The CURT 

project was managed by the Federal Highway Administration (FHWA) and 

supported by 25 states.  The CURT project aimed at a) reviewing published 

materials related to curved bridges; b) running experimental and analytical analysis 

Bending Warping 

(a) NORMAL STRESSES 

Distorti,ona l Radial Bending 

St. Venant Tor• ion 
· Bending 

Non-Uniform Torsion 

(b) SHEARING STRESSES 
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applying the knowledge of curved bridge design; c) investigating the other state 

corporation findings; d) developing the simple design and analysis methods; and 

e) verifying the recommended design and analysis methods with the acquired 

analytical and experimental data (Linzell, Hall, and White 2004).  

Four universities, namely, the University of Rhode Island, Syracuse 

University, the University of Pennsylvania, and Carnegie-Mellon University, 

participated in the CURT project. The University of Rhode Island conducted full-

scale tests on two single scale curved boxed girders (Stegmann and Galambos 

1976). A modified grid method of analysis, taking into consideration non-uniform 

torsion, was used to determine stresses (Schuenzel 1982). The University of 

Pennsylvania conducted small scale model tests using rolled beams (Stegmann 

and Galambos 1976). Non-uniform torsion was neglected while calculating 

stresses on the cross section (Schuenzel 1982). Hence, the method of analysis 

was not accurate. Syracuse University used a three-dimensional method of 

analysis of a scaled model of composite curved plate girder (Stegmann and 

Galambos 1976). The analysis assumed the effects of warping torsion and 

assumed that all members are straight and full composite action would be 

achieved. Charles Culver at Carnegie-Mellon investigated the limit states of 

horizontally curved girders (Schuenzel 1982). The investigation included studies 

of web shear, local and lateral buckling of compression flange, combined bending 

and shear failure, and web buckling. Carnegie-Mellon conducted an extensive 

testing program to test the strength of curved girders. 

Based on the analytical and experimental studies carried out by the 

universities under CURT, a tentative design specification for horizontally curved 

girders was developed in 1978 (Galambos 1978). This specification was based on 

allowable stress design considering only the elastic behavior (Schuenzel 1982). 

Later, Load Factor Design (LFD) criteria were added to the specifications through 

a research project sponsored by the American Iron and Steel Institute (AISI) in the 

mid-1970s (Stegmann and Galambos 1976).  
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The research done under CURT along with other important investigations 

resulted in the development of AASHTO Guide Specifications of Horizontally 

Curved Bridges (AASHTO 1993). However, the Guide Specifications were 

disjointed and difficult to follow. There was a significant discontinuity in the 

compressive strength formulations for non-compact and compact sections 

(Davidson and Yoo 2000). Moreover, the value of strength calculated by strength 

predictor equations for curved sections did not approach that predicted by straight 

girder equations when the radius of curvature approached infinity (Davidson and 

Yoo 2000). For these reasons, among others, it was not adopted as an integral 

part of the AASHTO Standard Specifications for Highway Bridges (AASHTO 

1992).   

In 1992, the Federal Highway Administration (FHWA) initiated the Curved 

Steel Bridge Research Project (CSBRP) to understand the fundamental behavior 

of horizontally curved bridges that would lead to the development of LRFD 

specifications for curved bridge design (Ziemian 2010). Following the CSBRP, a 

significant amount of research was undertaken to study the behavioral 

characteristics of curved girders. Strength predictor equations were developed 

involving a number of design issues like the curvature effect on the lateral buckling 

strength of curved girder over straight girders, strength reduction of web panels 

due to curvature under pure bending and combined bending and shear, inelastic 

behavior of horizontally curved girders, etc. (Davidson and Yoo 2000). The work 

of CSBRP was extended in 1999 through a project that was jointly sponsored by 

FHWA and the American Iron and Steel Institute (AISI) that used the nonlinear 

finite element analysis to expand the knowledge gained from experimental tests 

conducted under CURT and CSBRP projects (Ziemian 2010). This analytical work 

resulted in the unification of the design equations for straight and curved steel 

girders into the 2004 AASHTO LRFD Design Specifications.  
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2.3 Stability of Curved I-girders  

2.3.1 Curvature Effects on Flange Behavior 

For straight I-shaped plate girders, the primary role of the web in the high 

moment region is to maintain relative distance between the flange plates. 

Therefore, the efficient design of plate girders requires the flanges to carry the 

primary moment and the webs to be designed as slender. Thus, the nominal 

moment strength of straight, slender plate girders is controlled either by the limit 

state of yielding of the tension flange or buckling of the compression flange. 

Inelastic behavior of webs is not considered (Davidson, Ballance, and Yoo 1999).  

However, for curved girders, the presence of curvature greatly complicates the 

behavior and design considerations. Curvature induces both warping torsion in the 

cross-section, and transverse displacement of the web (Davidson, Ballance, and 

Yoo 1999). To account for the effect of curvature on the flexure resistance 

contributed by the flanges, the normal stress acting on a flange is approximated 

as the linear addition of the bending normal stress and the normal stress resulting 

from the lateral bending of the flange, as illustrated in Figure 2.2. The sources of 

lateral bending stress are associated with either non-uniform torsion or the lateral 

force acting on the girder (Ziemian 2010). 
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Figure 2.2 Components of longitudinal stress (Hartmann 2005) 

As the curvature is increased, the membrane stress distribution becomes 

increasingly nonlinear through the depth of the section (Davidson, Ballance, and 

Yoo 1999). Because of this reduction of membrane stress along the web, the 

flanges carry a higher load. Thus, even without considering the warping stress 

resulting from curvature, the curved section would be unable to carry an equal 

magnitude of vertical moment as compared to the similar straight section before 

the yielding of the flanges initiates.  

Culver and Nasir (1969) investigated the local buckling of curved girder 

flanges in both elastic and inelastic range to determine the governing differential 

equation. Shear stresses were neglected and the maximum bending and warping 

stresses were conservatively assumed to occur at the same point along the girder. 

The slenderness requirement generated from the characteristic equation is as 

follows (Culver and Nasir 1969):  

 

AXIAL TENSION OR 
COMPRESSION 

TORSIONAL 
WARPING 

STRONG AXIS 
BENDING 

e'" 8 
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( )212 1 y

b k E
t Fυ
=

−   (2.1) 

Where b = width of the flange, t = thickness of flange, E = modulus of elasticity, Fy 

= yield stress, and k = buckling coefficient.  For uniform stress (bending only), 

curvature had minimal effect on the value of k. For non-uniform stress, warping 

and bending, the value of k significantly reduced depending on the yielding of the 

flange, making the flanges more compact.  

Davidson and Yoo (1996) showed that there is a reduction in elastic 

buckling strength of the curved compression flanges due to the warping stress 

gradient acting across the flanges. The primary factors that contributed to this 

reduction were fw / fb ratio in the compression flange and the relative boundary 

condition provided by the web to the flanges. The effect of the curvature was given 

by: 

cr cv cr st
0.15(σ ) = (σ ) 1.0643 -
0.35

w

b

f
f

 
 
 

 (2.2) 

Where (σcr)cv = critical stress for curved girder; (σcr)st  = critical stress for straight 

girder; fw = warping stress; and fb  = bending stress.   

One of the challenges of designing the curved girders was how to relate the 

combination of lateral bending stress and normal bending stress to flange bending 

resistance. Hall (1998) proposed a unified approach, known as the “1/3rd rule” that 

applies to both tangent and curved I-girder bridges. The 1/3rd rule was first 

introduced into the 2004 AASHTO Load and Resistance Factor Design (LRFD) 

and is given by:  

1
3bu l f ncf f Fφ+ ≤  (2.3) 

where fbu = flange stress calculated without consideration of flange lateral bending; 

fl  = flange lateral bending stress; ϕf  = resistance factor for flexural; Fnc = nominal 

flexural resistance of the flange. 
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2.3.2 Curvature Effects on Web Behavior 

As mentioned in the previous section, curvature induces warping of the 

cross-section, and, more importantly, for the web consideration, transverse 

displacement of the web, which induces through the thickness stresses in the 

girder that decrease the moment carrying capacity of the girder. The curvature also 

causes nonlinear distribution of membrane stress throughout the depth of the web. 

This distribution becomes increasingly nonlinear with the increase in curvature, 

which results in an increase in normal stress in the flanges, thus effectively 

reducing the moment carrying capacity of girders (Davidson, Ballance, and Yoo 

1999; Ziemian 2010). 

 Based on analytical and numerical research on curved girders, Culver 

(1972) developed an equation for the reduction in the slenderness of the web with 

no longitudinal stiffeners by modeling the web as a series of isolated cylindrical 

strips subjected to fictitious radial loading and “spring foundation” boundary 

condition. This equation was first used in the “Load Factor Design” of the Guide 

Specifications (Davidson, Ballance, and Yoo 1999). The web slenderness 

requirement developed is as follows:  

236500 1 8.6
w y

D a a
t R RF

  = − +  
   

 (2.4) 

where D = depth of flange; tw = thickness of the flange; Fy = yield stress; a = panel 

length or distance between transverse stiffeners; and  R = radius of curvature at 

the center of panel. 

 Culver et al. (1973) published an improved version of his work a year later 

in which he modeled the girder by treating it as a two-way shell rather than as an 

individual strip (i.e., providing longitudinal stiffeners). The proposed equation was 

used in the “Allowable Stress Design” of the Guide Specifications. The equation 

✓ 
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developed for curved girder web slenderness with longitudinal stiffeners is as 

follows:  

 

46000 1 2.9 2.2
w b

D a a
t R Rf

 
= − + 

 
 (2.5) 

where D = depth of flange; tw = thickness of the flange; fb = bending stress; a = 

panel length or distance between transverse stiffeners; and  R = radius of curvature 

at the center of panel. 

 Daniels and Herbein (1980) conducted a five-year experimental project on 

the fatigue behavior of horizontally curved bridges at Lehigh University. New 

limitations were developed for the slenderness of webs in curved girders, stating 

that the slenderness limitations developed by Culver (1972) were too conservative 

(Ziemian 2010). The recommended equations published in the “Load Factor 

Design” and “Allowable Stress Design” of the AASHTO Guide Specifications of 

Horizontally Curved Bridges (AASHTO 1993) respectively: 

 Load Factor Design:  36500 1 4 192
w y

D a
t RF

 = − ≤  
 (2.6) 

 Allowable Stress Design:  23000 1 4 170
w b

D a
t Rf

 = − ≤  
 (2.7) 

 Davidson et al. (1999) investigated the curvature effects on web panels 

under bending stress through finite element analysis. A “lateral pressure” analogy 

was developed to approximate the transverse displacement of the web panel. It 

was assumed that a lateral distributed load acts along the unit strip of the web due 

to curvature and non-collinearity. Figure 2.3 illustrates the applied stress based on 

the proposed analogy. The lateral pressure was given by:  

 
c

p σ tq = =
R R

 (2.8) 

✓-­
✓ -
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where qc = lateral pressure due to curvature;   P = resultant tangential force due to 

curvature;   R = radius of curvature; σ = plate bending stress; and t = panel plate 

thickness. 

 

 
Figure 2.3 Stresses on the girder as assumed in lateral pressure analogy 

(Davidson et. al 1999) 
 

Slenderness reduction factor for doubly symmetric non-composite curved 

girder was also defined as (Davidson, Ballance, and Yoo 1999):  

 
d

w wcv st

D D R
t t
   

≤   
   

 (2.9) 

where 0.185 1.0d
RR
D

= ≤  

 

2.4 V-Load Method  

Horizontally curved bridges respond to loads differently than straight girders 

due to the torsional forces induced by the curvature. Richardson (1963) published 

a report explaining a simplified approximate method for analyzing horizontally 

curved bridges, which became known as the V-load method. In the V-load 

F 

a 

dh virtual press·ur~ q 

curved ~eb pa~~el ··. 
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approach, the torque produced by curvature is represented as a self-equilibrating 

load acting at the girder diaphragms, known as V-load. Thus, a curved girder is 

modeled as a straight girder and analyzed twice, once for the load acting on the 

girder and second time for the self-equilibrating V-load acting on the girder. The 

results of both of the analyses are then combined to obtain the demands.  

Consider the horizontally curved bridge section shown in Figure 2.4. As can 

be seen, the girders in the unit are spaced at distance D. The radius of curvature 

of the outer and inner girders are R1 and R2, respectively. The diaphragms in the 

girder are spaced at distance d. The curvature of the unit is defined by θ. The arc 

length of the outer and inner girder is given as L1 and L2. 

 

Figure 2.4 Two curved girder system (Fiechtl et al. 1987) 

Bending moments due to vertical loads are resisted by the flanges and can 

be decomposed as longitudinal forces acting on the flanges. The longitudinal 

forces are represented by a  force M/h on the flanges of the girder in equal and 

opposite directions, as illustrated in Figure 2.5. Here h is the distance between the 

flanges. 
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Figure 2.5 (left) Equivalent forces due to moments; (right) resultant forces 
of top flange (Fiechtl et al. 1987) 

 As shown in Figure 2.6, due to the horizontal curvature, the longitudinal 

forces due to bending are not in equilibrium and therefore it is not possible to 

calculate the demands on the girder due to static equilibrium. To maintain a radial 

equilibrium in the flange, a horizontal force (H1) must be developed. This horizontal 

force develops along the diaphragm and is found by equilibrating along the radial 

line at the diaphragm location. The value of horizontal force acting on girder 

number one can be given as (Fiechtl, Fenves and Frank 1987):  

1
1

1

MH
h
θ

=  (2.10) 

From geometry, θ can be given as d/R, and substituting into Equation 2.10 leads 

to: 

1 1
1

1 1

M dH
h R

=  (2.11) 

Similarly, this can be done for girder 2. Vertical shear is required for the equilibrium 

of the diaphragm, as shown in Figure 2.6.  

Ml ......,._ -~-

M(h 1h Mi .~ 

h' 
- M1 .......... 

lb, 
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Figure 2.6 Forces acting at the diaphragm location (Fiechtl et al. 1987) 

The vertical shear force acting along the girder can be calculated by taking moment 

equilibrium along any end of the diaphragm, which is given as:  

1 2( ) hV H H
D

= +  (2.12) 

By substituting the value of H1 from  Equation 2.11 and H2 from an equivalent term 

for H2 into Equation 2.12 leads to: 

1 2
1 2

1 2

d dM M
R RV

D

+
=  (2.13) 

Considering d1 / R1 = d2 / R2 = d / R, the shear force is simplified as: 

1 2

/
M MV
RD d
+

=  (2.14) 

Figure 2.6 illustrates how these shear forces have opposite directions for each 

girder. The shear forces, so-called V-loads, approximate the curvature effect. It 

D 

OUTSIDE 

INSIDE 
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should be noted that they are self-equilibrating since they are not external loads 

acting on the bridge. The total bending moments due to actual loads and forces 

developed by curved girder influence, V-loads, are denoted by M1 and M2 :  

1 1 1P VM M M= +  (2.15) 

2 2 2P VM M M= +  (2.16) 

where subscript P and V represent the real loads and V-loads, respectively.  

 It has been proven that the bending moment due to V-load is small 

compared to moments resulting from external loads; therefore it is not included 

while calculating M1 and M2 (Fiechtl, Fenves, and Frank 1987). Thus, substituting 

the values of M in equation 2.16, results in: 

1 2

/
P PM MV

RD d
+

=   (2.17) 

A modified form of Equation 2.17 that can be used for applying the V-loads on 

multi-girder bridges is given by;  

1

( / )

gN

Pi
i

M
V

C RD d
==
∑

 (2.18)  

where MPi = primary girder moments; Ng =  number of girders; and C = V-load 

coefficient given by Table 2.1. 
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Table 2.1 V-Load coefficients (Fiechtl, Fenves, and Frank  1987) 

Number of girders, Ng   C 

2 10000 

3 10000 

4 11111 

5 12500 

6 14000 

7 15556 

8 17143 
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9  

10  

11 Chapter 3 

12 Fatigue Assessment Methods 
3.1 Introduction 

Fatigue in metals is the initiation and growth of cracks under repetitive 

loading. This process can take place at stress levels that are substantially less 

than those associated with failure under static loading conditions (Fisher, Kulak, 

and Smith 1998). The fatigue damage process physically takes place in three 

phases, the crack initiation stage, crack propagation, and fracture phase (ASCE 

1982). Due to the repetitive loading acting upon them through vehicles passing 

over every day, bridges are the most common civil engineering structures that are 

susceptible to fatigue. 

Fillet welds have initial flaws such as partial penetration, porosity, undercut, 

etc. as illustrated in Figure 3.1. It has been proven that the fabrication flaws and 

stress concentrations due to structural misalignment are the main causes of fatigue 

crack initiation (Fisher, Kulak, and Smith 1998; Berge and Myhre 1977). The 

tensile stress component is the primary cause of crack propagation. Finally, the 

cracked section may fail due to reduced resistance under the cyclic load. Fatigue 

assessment methods have been developed for investigating the fatigue resistance 

and the remaining fatigue life of structures. This chapter presents standard fatigue 

assessment methods and explains residual stress effects on fatigue behavior.  
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Figure 3.1 Flaws in a fillet-welded detail (Fisher et al. 1998) 

 

3.2 Nominal-Stress Approach 

 S-N curves are the basis of fatigue assessment by the application of the 

nominal-stress method. The S-N curve represents the remaining fatigue life of 

fabrication detail versus stress range, as illustrated in Figure 3.2. The logarithmic 

scale is used for both axes. The S-N curves are provided in design codes based 

on fatigue test data under constant amplitude loading. It is assumed that the 

structural detail experiences infinite fatigue life if the stress range is below the 

Constant Amplitude Fatigue Limit (CAFL). The dashed lines in Figure 3.2 show the 

CAFL corresponding to each detail category. 

weld repair or start-stoP 
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Figure 3.2 AASHTO S-N curves for different detail categories (Grubb et al. 

2015) 
 

 The nominal-stress method is the most commonly used method for 

assessing the fatigue life of steel structures. Stress range, the difference between 

the maximum and minimum stress due to live load, is calculated near the weld 

using simple analysis. The remaining fatigue life in terms of loading cycles is 

related to the calculated stress range by the following equations: 

mNS A=  (3.1) 

log log logN m S A= − +  (3.2) 

where N = number of cycles; S = stress range; m = empirical material constants; 

and A = detail category constants. It should be noted that m is equal to the S-N 

curve slope and A is chosen according to the corresponding detail category.  

 

3.3 Hot-Spot Stress Approach 

The hot-spot stress, local-stress method, is similar to the nominal-stress 

fatigue assessment method in terms of comparing the stress ranges with the 

corresponding S-N curve. The stresses are calculated locally at the weld toe of the 

weldments. Stress concentration effect related to weld geometry is considered in 
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the hot-spot method.  The local-stress approach was developed initially for fatigue 

analysis of tubular joints of offshore structures (Marshall 2013). The hot-spot stress 

method is advantageous over the nominal-stress approach where the fatigue 

prone areas of a bridge structure with complex stress field, in-plane and out-of-

plane stress combination, must be investigated (Grubb et al. 2015).  There are two 

types of hot-spots related to weld geometry. As Figure 3.3 shows, type “a” is 

located on the plate surface, and type “b” is located on the plate edge. 

 

Figure 3.3 Types of hot-spots (Niemi et al. 2018) 

The high stress gradient at hot-spots includes membrane stress, bending 

stress, and nonlinear stress peak due to weld notch. The nonlinear stress peak of 

the notch is not considered in finding the hot-spot stress, and the S-N curves 

include the notch stress effect instead. Extrapolation techniques are used in order 

to separate the membrane and bending stresses from the notch stress. These 

methods are applicable to stresses defined by measurement, experimental 

analysis, or finite element analysis. The linearization methods also depend on 

types of hot-spots, type “a” or “b.” 

Sensors or strain gages must be installed at the reference points. The 

reference point locations depend on the type of hot-spots. Type “b” hot-spot 

remains the same through the plate thickness, while type “a”  hot-spot stress 

changes through the plate thickness. Figure 3.4 illustrates the stress distribution 



22 
 

through the plate thickness for type “a” hot-spot. Equation 3.3 is used to calculate 

the type “a” hot-spot strain based on measured strain gages (Hobbacher 2016): 

1.67 0.67hs A Bε ε ε= −  (3.3) 

where εA = strain from the gage located at 0.4t; εB = strain from the gage located 

at 0.9t; and εC = strain from the gage located at 1.4t. 

 The hot-spot stress can be defined by multiplying the elastic modulus of the 

welded plate, E, by the extrapolated hot-spot strain. In contrary to hot spot type 

“a”, stress distribution at the vicinity of weld toe related to type “b” hot spot is 

independent of plate thickness. Hence, extrapolation is done at three absolute 

distances from the weld toe. Type “b” hot-spot stress in terms of converted 

measured hot-spot strains into stresses is given by (Hobbacher 2016): 

4 8 123 3hs mm mm mmσ σ σ σ= − +  (3.4) 

where σ4mm , σ8mm , and σ12mm  are stresses corresponding to measured strains at 

4, 8, and 12 millimeters from weld toe, respectively.  

 

Figure 3.4 Stress distribution through the depth of the welded plate 
(Hobbacher 2016) 

Hot-spot stresses can be determined by refined finite element analysis. 

However, the resulting hot-spot stress magnitudes are mesh dependent. Shell and 

Nonlinear stress peak 

Total stress 

Structural stress 
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solid elements can be used for defining hot-spot stresses. The solid elements are 

more convenient in terms of modeling the weld geometry.  Surface stress 

extrapolation is used for determining the hot-spot stresses at the weld toe. 

Reference points must be defined to extrapolate the finite element stresses similar 

to the reference points in the measurement method. The reference point locations 

depends on the mesh density and type of hot-spot under investigation (Niemi, 

Fricke, and Maddox 2018). Figure 3.5 illustrates the reference point locations for 

fine and coarse mesh densities related to each type of hot-spot “a” and “b”.  The 

structural hot-spot stress can be calculated based on the following extrapolation 

equations (Hobbacher 2016). 

 

Figure 3.5 Reference point definition or surface stress extrapolation 
(Hobbacher 2016) 

Type “a” hot spot: 

For a fine mesh using element sizes less than 0.4t with reference points located at 

0.4t and 1.0t, the linear extrapolation is given by: 

0.4 1.01.67 0.67hs t tσ σ σ= −  (3.5) 

For a fine mesh including element sizes less than 0.4t with reference points located 

at 0.4t, 0.9t, and 1.4t, the quadratic extrapolation is given by: 

Type .a• 
hot-spot 

Type .b· 
hot-spot 

(a) 

(c) 
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12mm 
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0.4 0.9 1.42.52 2.24 0.72hs t t tσ σ σ σ= − +  (3.6) 

For a coarse mesh, including higher-order elements having dimensions less than 

plate thickness, the extrapolation is as follows: 

0.5 1.51.50 0.5hs t tσ σ σ= −  (3.7) 

 

Type “b” hot spot:  

For a fine mesh including element sizes less than 4 millimeters with reference 

points located at 4, 8, and 12 millimeters, the extrapolation is given by: 

4 8 123 3hs mm mm mmσ σ σ σ= − +  (3.8) 

For a coarse mesh including higher-order elements dimensioned less than 10 

millimeters, the extrapolation is as follows: 

5 151.5 0.5hs mm mmσ σ σ= −  (3.9) 

 

3.4 Linear Elastic Fracture Mechanics (LEFM) 

Fracture mechanics was first developed by Griffith (1921) to address the 

rupture of glass materials. The first structural engineering application of the method 

dates back to the 1940s for investigating the failure of ship hulls (Fisher, Kulak, 

and Smith 1998). Linear Elastic Fracture Mechanics (LEFM) is a well-known 

method for predicting the fatigue crack growth in linear elastic materials with initial 

cracks. The length of these small cracks is between 0.05 millimeters and 1 

millimeter (Martinsson 2002).  

The stress intensity factor (SIF) defines the state of stress at the crack tip. 

Analytical solutions have been developed for a limited number of crack 

configurations to find the stress intensity factor at the crack tip. The following 

expression can be used for cases in which the analytical solution is not available 

(Fisher, Kulak, and Smith 1998):  

K WY aσ π=  (3.10) ✓ 
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where K = stress intensity factor; W = constant related to the plate and crack 

geometry; Y = constant related to crack tip stress field; and a = crack length. 

Similar to S-N curves for the nominal-stress fatigue assessment approach, 

fatigue crack growth ( /da dN ) can be plotted against stress intensity range (ΔK = 

Kmax - Kmin). As Figure 3.6 illustrates, three regions correspond to two asymptotes 

ΔKth and ΔKC. The first region represents the threshold region in which crack 

propagation is negligibly slow. It is noteworthy that the  ΔKth does not represent the  

da / dN to be zero value; it corresponds to 104 10−×  m/cycle according to ASTM-

E647 (Farahmand, Bockrath, and Glassco 2012). The second region, the Paris 

region, is associated with the linear relationship between the crack growth rate and 

stress intensity range on a logarithmic scale. In the third region, crack growth 

occurs rapidly on the order of 0.01 mm/cycle until reaching the critical value 

(Schijve 2001).  KC is defined by the stress intensity factor in which the materials 

fail. Different analytical approaches have been developed to determine the crack 

growth rate based on stress intensity ranges for the three regions of the crack 

propagation progress. Two prominent methods are described in the following.   

 



26 
 

 

Figure 3.6 Crack growth phases corresponding to stress intensity range 
(Schijve 2001) 

 The most common expression used to relate the da / dN and K was first 

delveloped by Paris (1961) and therefore called the Paris Law given as: 

mda C K
dN

= ∆  (3.11) 

where the C and m constants can be found by experimental data. The constant m 

ranges from 3 to 5 and the constant C values are between 1010−  and 610−

(Farahmand, Bockrath, and Glassco 2012). The remaining fatigue life of the 

structure in terms of loading cycles can be determined by integrating Equation 

3.12: 

1 1f

i

a

m
a

N da
C K

=
∆∫  (3.12) 

where ai and af are initial and final crack lengths, respectively. As can be seen in 

Figure 3.6, the Paris Law is applicable to the second region where the variation of 

crack growth is linear with respect to stress intensity range. The asymptotic 
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behavior of the first and third region are not included in the Paris expression. 

Forman et al. (1967) proposed the following expression that includes the crack 

propagation behavior in the third region: 

( )( )max1

m

C

da C K
dN R K K

∆
=

− −
 (3.13) 

where R is the stress intensity ratio Kmin  / Kmax.  

 

3.5 Residual Stress 

Residual stresses are unavoidable in built-up structural members that utilize 

welding to connect elements. Hence, a brief review of residual stress patterns and 

how residual stress is considered in fatigue analysis methods are given here. 

Generally, surface tensile residual stresses decrease fatigue performance by 

accelerating crack growth; however, compressive residual stresses may have a 

positive effect due to reducing the fatigue crack tip stresses (Webster and Ezeilo 

2001). The sources of residual stresses in horizontally curved steel girders are 

welding, flame-cutting, and heat curving. Differential shrinkage during welding and 

thermal cutting leads to tensile and compressive residual stresses in heated and 

unheated areas, respectively (Russo et al. 2016). The measured residual stresses 

for three different grades of steel are shown in Figure 3.7. These stresses are 

related to residual stresses in the flanges of the welded plate girder parallel with 

the longitudinal axis of the beam. As can be seen in Figure 3.7, the highest 

magnitude of tensile residual stress occurs at the location of a web-to-flange fillet 

weld, and is equal to the yield stress. 

  Numerous analytical models have been proposed to define the residual 

stresses in welded structures (Chacón, Serrat, and Real 2012; Barth and White 

1998; Clarin 2004; Taras 2010; Kim 2010). The two most commonly used residual 

stress models are related to The European Convention for Constructional 

Steelwork (ECCS 1976) and Culver and Nasir (1972). The ECCS model 

approximates the residual stresses due to flame cutting and welding, and the 



28 
 

Culver and Nasir model considers the heat curving residual stress in addition to 

welding and cutting residual stresses. 

 

Figure 3.7 Measured residual stress patterns (Fisher 1997) 

The ECCS (1976) method considers the residual stress to be a constant 

tensile value equal to the plate yielding stress at the heat-affected zones due to 

flame cutting and welding. The other zones that are outside of the tension zone 

are in compression and equilibrium with the resultant tensile forces. The tension 

block width at the flame-cut plate edge is given by: 

1100
f

y

tC
F

=  (3.14) 

where  t = plate thickness in millimeters and Fy = plate yield strength in MPa.  

The tension width due to a single path of welding is as follows: 

 
12000 ( )w

w

y

p AC
F t

=
 
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∑

 (3.15) 

where p = efficiency factor (0.9 for the submerged arc welding process);  Aw = 

cross-sectional area of weld in (mm2); Fy = plate yield strength (MPa); and Σt = 

sum of the plate thicknesses meeting at the weld (mm).  The combined effect of 

flame cutting and welding is determined by: 
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4 4 4
fw f wC C C= +  (3.16) 

 
Figure 3.8 illustrates the residual stress pattern calculated by the ECCS 

model for an I-shaped section. The governing factor in S-N nominal and local 

stress fatigue assessment methods is the stress range that remains unchanged by 

adding the residual stress to the minimum and maximum stresses. Hence, residual 

stresses are not modeled explicitly when the reference S-N approach is applied in 

fatigue analysis. The effect of residual stress is included in the detail category 

fatigue resistance (Fisher et al. 1969). In another parametric study (Daniels and 

Batcheler 1979), the heat curving residual stress effect on fatigue strength of the 

curved steel girder was investigated. Two mechanisms were studied: mean stress 

effect and excessive web bowing under compressive residual stresses. It was 

concluded that “heat curving has no significant effect on the fatigue strength due 

to either mechanism.” In addition, it was recommended that the entire stress range, 

including the compressive stress, should be considered if any stress reversal 

occurs. Residual stresses are effective if the LEFM fatigue assessment method is 

applied. Residual stresses increase the crack tip stress intensity factor and 

changes stress intensity ratio, R. 
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Figure 3.8 ECCS (1976) residual stress pattern distribution (Pasternak et al. 
2015) 
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13  

14  

15 Chapter 4 

16 Special Fatigue Problem Mechanisms 
 

 There are a variety of fatigue problems related to steel bridges. These 

issues can be categorized based on the critical region under investigation, web or 

flange, bridge type, straight or curved girders, type of loading in a single girder 

panel, shear or bending, and the mechanisms in which fatigue cracks initiate. In 

the present chapter, the two most common fatigue mechanisms are reviewed: 

distortion induced fatigue and web breathing in slender girder webs. The 

experimental fatigue studies associated with curved girder systems are then 

presented and current design code limits addressing the reviewed fatigue 

mechanisms are given.  

 

4.1 Distortion Induced Fatigue 

 Before the 1980s, it was a common practice not to attach the transverse 

stiffeners and connection plates to the tension flange to prevent brittle fatigue in 

the welded flange region. However, another severe fatigue problem appeared in 

the web-gap region between the short cut transverse stiffener and tension flange. 

In multi-girder steel bridges, lateral deflection of adjacent girders leads to rotation 

of the connection plate and distortion of a relatively flexible web gap region. The 

out-of-plane distortion of the web generates large stress concentrations at the toe 

of the transverse stiffener and causes fatigue cracking. This phenomenon is 

referred to as distortion-induced fatigue and accounts for the majority of fatigue 

cracks in bridges across the United States (Conner and Fisher 2006). Figure 4.1 

illustrates the distortion-induced fatigue mechanism.  
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Figure 4.1 Distortion induced fatigue (Li and Schultz 2005) 

Differing views have been presented on the critical regions in the bridge 

where the distortion-induced fatigue is most likely to occur.  In a case study by 

Khalil et al. (1998), it was found that eight out of nine fatigue cracks occurred in 

the negative bending moment regions. In contrast, Roddis and Zhao (2001) 

suggested that differential deflections and out-of-plane bending moments are 

maximum in positive bending moment regions. Figures 4.2 and 4.3 show the 

distortion induced fatigue cracks in the lower and upper end of the connection 

plate, respectively.  

 

Figure 4.2 Fatigue cracks at  lower end of the vertical connection plate 
(Bowman et al. 2012) 

 

s 



33 
 

 

Figure 4.3 Fatigue cracks at upper end of the connection plate (Bowman et 
al. 2012) 

The major parameters affecting distortion-induced fatigue are lateral 

bracing system, web gap geometry, bridge geometry in terms of skew angle, span 

length, slab thickness, and girder spacing (Hassel et al. 2010). Berglund and 

Schultz (2006) conducted a parametric study on composite bridges by applying a 

linear finite element method to investigate the main factors affecting the adjacent 

girder differential deflections. They concluded that bridges with higher skew angles 

experience a greater differential deflection and maximum cross-frame deflections 

occur in the location of the obtuse corner of loaded lanes or at areas near the 

inflection points. It was also observed that long-span bridges, greater than 140 ft 

length, behave more uniformly due to composite action of the deck and undergo 

less differential deflections compared to short span bridges.  

Barth and Bowman (2001) tested nine steel beams with welded diaphragms 

to investigate the failure modes and strength of the diaphragm-to-beam 

connection. It was found that staggered diaphragm systems have a better 

performance in reducing the fatigue cracks developed at the location of the bottom 

flange-to-web connection compared to the non-staggered diaphragms. However, 

it was concluded by Grondin et al. (2000) that staggered cross-frame 

configurations are more susceptible to fatigue cracking in comparison with the non-

staggered configurations.  
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Distortion-induced cracks initially propagate parallel to the major bending 

axis in the longitudinal direction; hence fatigue failures can be prevented by early 

retrofitting (Fisher 1984). Generally, retrofitting methods for avoiding fatigue 

distortion is based on two approaches: (1) stiffening fatigue prone details to 

minimize distortion, and (2) softening or increasing the flexibility of the system. 

Diaphragm removal is another method that can be used to mitigate distortion-

induced fatigue in bridges; however, this does not apply to curved girder bridges 

due to the primary role of diaphragms in minimizing warping and rotations. 

 

4.2 Web Breathing 

 When slender plate girders are designed based on post-buckling 

resistance, large out-of-plane deformations can be induced under in-plane loading. 

The repeated web buckling deformation, which is known as “web breathing,”  leads 

to fatigue cracks under cyclic loading (Günther and Kuhlmann 2004). Inevitable 

initial imperfections and residual stresses lead to out-of-plane deformations under 

loads less than theoretical buckling loads (Crocetti 2003). Figure 4.4 illustrates the 

breathing mechanism in which buckling deformations lead to high secondary-

bending stresses that causes fatigue cracks in the web. 
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Figure 4.4 Web breathing effect for a slender composite bridge girder 
(Crocetti 2001) 

Web breathing fatigue has been investigated through analytical and numerical 

(FEM) studies to quantify the parameters affecting the web boundary stresses 

(Duchene and Maquoi 1998; Maeda and Okura 1983; Davies and Roberts 1996; 

Okura, Yen, and Fisher 1993; Remadi, Aribert, and Raoul 1995; Spiegelhalder 

2000). It was indicated that the main parameters that affect geometric stresses 

resulting from web breathing are panel aspect ratio and slenderness ratio, stiffness 

of boundary members, form, and magnitude of initial out-of-plane deflections 

(geometric imperfections). 

Various experimental tests on slender girders with web breathing indicated that 

the fatigue cracks could be classified based on the type of loading and place of 

origin (Spiegelhalder 2000; Roberto Crocetti 2001; Yen and Mueller 1966; Toprac 

and Natarajan 1971) as illustrated in Figure 4.5. The characteristics of each crack 

type are as follows:  

• Type 1 cracks occur at the toe of the weld connecting the compression 

flange to the web (Okura, Yen, and Fisher 1993). Repeated out-of-plane 

web deformations caused by secondary bending stresses (web breathing) 

under in-plane bending results in the fatigue crack initiation (Crocetti 2001). 

The crack initiated at the weld toe propagates at a relatively slow rate at the 
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web side of the girder under mixed modes 1 and 3 related to tension and 

tearing conditions, respectively (Roberts and Davies 2002).  

• Type 2 cracks occur at the weld toe on the web side of the transverse 

stiffener connection to the web (Crocetti 2001). Tensile membrane bending 

stresses below the neutral axis results in the propagation of the crack under 

tension mode into the tension flange and may lead to failure (Roberts and 

Davies 2002). Type 2 cracks propagate at a faster rate compared to Type 

1 cracks due to the fact that the tensile membrane stresses are more 

significant than the secondary bending stresses (Crocetti 2001). 

• Type 3 cracks occur due to fillet weld discontinuities at the weld toe 

connecting the web to the tension flange. Type 3 cracks are not associated 

with web breathing.  

• Type 4 cracks occur at the weld toe corners where the diagonal tension 

field buckling displacements are anchored when a panel is under shear 

loading (Okura, Yen, and Fisher 1993). Type 4 cracks propagate in the 

direction of weld toes and eventually through the web where high local 

shear deformations and plate bending stresses exist (Crocetti 2001). The 

breathing nature of the crack follows the Type 1 crack propagation rate and 

mode combinations (Roberts and Davies 2002).  

• Type 5 and 6 cracks occur at the weld connecting the web to load-carrying 

transverse stiffener near the neutral axis of the girder (Roberts and Davies 

2002). A part of the applied concentrated load is carried by the web region 

welded to the transverse stiffener that results in reduced web flexural 

stiffness and, consequently, large out-of-plane web deformations (Crocetti 

2001). This mechanism causes fatigue crack propagation along the web to 

stiffener weld toe and through the web.   
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Figure 4.5 Fatigue cracks locations in slender webs corresponding to 
loading conditions (Roberts and Davies 2002) 

4.3 Curved Girder Fatigue Research Review 

 There are very limited studies specifically on the fatigue behavior of curved 

steel girders. The only available sources found by the authors are Daniels and 

Herbein (1980) at Lehigh University and Nakai et al. (1990) in Japan. Both 

research approaches and findings are discussed in the following.  

In 1973, a multiphase project entitled “Fatigue of Curved Steel Bridge 

Elements” was funded by FHWA to investigate the fatigue problems related to 

horizontally curved steel bridges. The project phases were: 1) analysis and design 

of curved I-girder and box girders; 2) special studies such as residual stress, heat 

Type I 

.. ---:--------.. -.... .. ,-, ..... _______ ....... ''\ 
I t .., I 

', ....... :-..-..::_-:: ... , .... ' ...... __ _____ .. ... ( 
jType2 

I Type 3 

! 
Type4 I 

(l 

__ -:-::--,.. 
..... . - -, " 

,.,. ........ --, ' 
_,/ ,,.,,, I I ,, ,, ..... -, , , , , .. .. , , ," ,,,,,... ,, , .. .,,' , , ... ,.. , , 

I 
1

' I ,.., ,.; ,, : , __ -.: .. ----........ , .. ____ ..... 

Type4 

, ---- ' I ' , ' 
' --- ,, 

Type5 

j) 



38 
 

curving, and diaphragm spacing; 3) fatigue test experiments; 4) investigation of 

ultimate strength of the test assemblies; and 5) final design recommendations 

based upon the findings (Daniels and Herbein 1980). The proposed slenderness 

ratio equations and the effect of residual stresses were explained in sections 2.2 

and 3.5 of the present report, respectively. Phase 3 of the project, which includes 

the fatigue experiments of horizontally curved I-girders are discussed briefly here.  

Five different weld detail categories were considered, and five twin-girder 

assemblies were fabricated to investigate each detail type fatigue behavior. As can 

be seen in Figure 4.6, the assemblies consisted of two girders connected by five 

X-type diaphragms with a 120 ft centerline radius of curvature. Two loading 

conditions with 2 million constant amplitude cycles were applied at the assemblies: 

1) loading at quarter points of each girder web; and 2) loading at the middle space 

between the quarter points of the girders. Assemblies were monitored during 

loading cycles for two fatigue cracking mechanisms: 1) primary cracking due to in-

plane bending and torsion; and 2) secondary fatigue cracks due to out-of-plane 

web plate bending.  Geometric specifications associated with each assembly are 

given in the Table 4.1.  
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Figure 4.6 Schematic plan view of test girders (Daniels and Herbein 
1980) 
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Table 4.1 Summary of cross section dimensions (Daniels and Herbein 1980) 

Assembly Girder 
Flange 
width 
(inch) 

Flange 
Thickness 

(inch) 

Web 
Depth 
(inch) 

Web 
Thickness 

(inch) 

Slenderness 
Ratio 

1 
1 12 1 54 3/8 144 

2 12 1 54 9/32 192 

2 
1 8 1/2 58 3/8 155 

2 10 3/4 58 5/16 186 

3 
1 8 1/2 58 3/8 155 

2 10 3/4 58 3/8 155 

4 
1 8 1/2 52 3/8 139 

2 12 1 52 3/8 139 

5 
1 8 1/2 52 3/8 139 

2 12 1 52 3/8 139 
  

After evaluating the fatigue cracks of each assembly, it was concluded that 

the straight girder fatigue strength associated with each detail category is 

acceptable to be used for fatigue analysis of curved girders. Although fatigue 

cracks initiated at the web gap between the transverse stiffener and bottom flange, 

no fatigue cracks were observed at the web boundaries connecting to the flanges 

and stiffeners.  

 Nakai et al. (1990) conducted an experimental study to investigate the 

fatigue strength of fillet welds at the web boundaries of horizontally curved girders. 

The research consisted of two parts: 1) developing analytical equations to 

approximate the out-of-plane bending stress and displacement, and 2) fatigue 

testing the fabricated curved girders up to failure. In their approach, the curved 

web plate was idealized as a strip beam model loaded by the equivalent lateral 

force acting on the web. The out of plane bending stress was then estimated using 
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elementary beam theory. The developed equations were used to run a parametric 

study to determine the test models' geometries to maximize the stresses at the 

web boundary fillet joints. Five singly supported curved girders were loaded under 

pure bending, as can be seen in Figure 4.7.  

 

Figure 4.7 Test girder configuration (Nakai et al. 1990) 

It was observed that fatigue cracks propagated at the locations between the 

transverse stiffener and compression flange and at the tension flange where 

horizontal supports restrained the lateral displacement. However, no fatigue 

cracks occurred at the fillet welds connecting the web to the flange plates.  

 

4.4 Current Design Limits 

AASHTO Specification 

There are two fatigue categories defined in AASHTO (2017): (1) load-induced and 

(2) distortion-induced fatigue. In the load-induced fatigue category, AASHTO limits 

the web shear force to shear buckling resistance of the web by Equation 4.1: 

u crV V≤  (4.1) 

Where Vu is the shear in the web at the section under consideration due to the 

unfactored permanent load plus the factored fatigue load (kip) and Vcr is shear-

Pin Shoe 
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buckling resistance. It is assumed that the member sustains infinite fatigue life 

related to elastic flexing of the web. In the distortion-induced part, the problem is 

addressed through proper detailing, and no further limit is mentioned. 

Eurocode Specifications 

The Eurocode (2006) limits the web slenderness by Equation 4.2 to prevent 

web breathing fatigue in road bridges: 

30 4 300b L
t
≤ + ≤  (4.2)  

where b is the web height, t is the web thickness, and L is the span length in meters 

and is assumed to be greater than 20 meters. It should be noted that both 

specifications limits are related to slender straight girders, and none of them 

provide guidance specifically to curved steel webs. 

  

-
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17  

18  

19 Chapter 5 

20 Finite Element Analysis 
 

5.1 Model Geometry 

The finite element analysis studies were conducted using the commercial 

FEM software package ABAQUS (2019). Two modeling strategies were utilized to 

capture the stress ranges corresponding to different fatigue crack types that are 

developed in slender curved girders. The girder specifications are given in Table 

5.1. 

Table 5.1 Geometry used in finite element analyses 

tw 

(in) 
D 

(in) 
tf 

(in) 
bf 

(in) 
do 

(in) 
Lb 

(ft) 
R 

(ft) 

Span 
Length 

(ft) 

Slenderness 
ratio 

0.4 120 1.35 24 120 30 900 240 300 
 

Loading Condition:  

The AASHTO (2017) fatigue truck was used for the loading configuration. 

The fatigue truck is similar to the HL-93 design truck, but the axis spacings is fixed 

at 14 and 30 feet. Axis loads must be increased by 15 percent to consider the 

dynamic effects after girder distribution factors were applied. Yellow arrows on 

Figure 5.2 define the load positions.  

Boundary Conditions:  

A cylindrical coordinate system was defined to apply the boundary 

conditions. The R, T, and Z axis correspond to the radial direction normal to the 
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web, the longitudinal direction tangent to the web, and vertical direction along the 

web, respectively.  The curved girder is assumed to be simply supported, hence 

all the nodes at the left flange bottom were restrained for translation in 3 directions, 

and the nodes related to right flange bottom were restrained for translation in 

vertical and radial directions. A set of nodes at the top and bottom of transverse 

stiffeners were defined to apply the lateral bracing effect. The radial translation 

associated with the set was restrained. Orange arrows in Figure 5.1 represent the 

boundary condition positions.  

 

Figure 5.1 Load and boundary positions 

5.2 Modeling Strategies 

5.2.1 Web Boundary Fatigue Investigation Approach 

The most influential parameter related to the web breathing of slender 

girders is the initial imperfection of the web. In order to impose the initial geometric 

imperfections into analysis, the following two step procedure was followed.  First, 

a linear buckling analysis was conducted to extract mode shapes. The buckling 

mode shape related to the first eigenvector is shown in Figure 5.2. The magnitude 

of the deformations are normalized output values and can be scaled to fit the 

allowed limits. Bridge welding code (2010) web distortion tolerance limits were 

applied in which the maximum web initial out of flatness was set to d/80. Second, 

the scaled buckling mode shapes were used as the initial geometry to run a 

geometrically nonlinear analysis under the same loading. The ABAQUS (2019) 
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S4R shell elements, having 6 DOF’s per node with reduced integration, were used 

to model the web, transverse stiffeners, flanges, and longitudinal stiffeners. 

 

Figure 5.2 First buckling mode shape  

5.2.2 Fatigue Investigation Approach at the Lateral Support Locations 

There is a complex stress state at the connection between the transverse 

stiffener and flange and web elements. The lateral displacements in the radial 

direction are restrained at those locations. The bending moment and rotation of 

the tension flange are the primary causes of the stress complexity. Moreover, the 

connection details and weld geometry make it more challenging to get an accurate 

stress state at the connection location. Hence, a two-level analysis referred to as 

the sub-modeling technique was applied. In the first step, all girder parts are 

modeled using S4R shell elements in the global model. In the second step, a sub-

model of the critical region is regenerated using solid elements, C3D8R, and 

displacements from the global shell model are applied at the boundary of the sub-

model. This method optimizes the computational cost by using shell elements for 

global analyses and results in accurate stress definitions due to solid element 

capabilities. Figure 5.3 shows the submodel and global model geometry. A very 

fine mesh of dimensions approximately equal to 0.25 inch for each element was 

used to precisely calculate the complex stress state due to lateral bracing and 

detailed weld geometry. Figure 5.4 shows the submodel mesh and weld geometry.  
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Figure 5.3 Global model and submodel 

 

Figure 5.4 Submodel mesh density 
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5.3 FEM Results 

5.3.1 Web Boundary Fatigue Investigation 

Nominal-stress fatigue assessment was used to compare the stress ranges 

with the nominal fatigue strength corresponding to each fatigue prone location. 

First, the web connection to the top flange area was considered. As explained in 

section 4.2, fatigue cracks such as Type 1 and 4 may develop because of the web 

breathing at the top flange region. The web stresses perpendicular to the top flange 

causes the possible fatigue cracks to initiate. Figure 5.5 shows the vertical stresses 

of the critical panel. The stresses near the top flange are in the order of 2 ksi. The 

fatigue strength of breathing webs is equal to 16 ksi (Günther 2002; Crocetti 2001). 

The stress range (2 ksi) being much less than the fatigue strength indicates that 

the fatigue cracks will not likely occur at the web to top flange connection. The 

small web normal stresses at the top flange location is the result of the longitudinal 

stiffener effect in mitigating the lateral deformations of the web. As Figure 5.5 

shows, the web normal stresses at the bottom flange are much larger (almost 10 

ksi) compared to the top flange stresses due to the significant initial imperfections.  

 

Figure 5.5 Web stresses in vertical direction (ksi) 

 Type 5 fatigue cracking might occur at the web to bottom flange connection 

if the bending stresses in the longitudinal direction of the girder exceed the 

corresponding fatigue strength of the detail.  Figure 5.6 represents the tangential 
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stress distribution along the longitudinal axis of the girder. The maximum stress is 

equal to 15.8 ksi. The fatigue strength of the bottom flange to web connection is 

defined by AASHTO (2017) Detail B category, which is equal to 16 ksi. Hence, the 

web connection to the bottom flange region is more susceptible to fatigue cracking 

due to bending stresses along the girder rather than the web transverse stresses 

normal to the bottom flange. The last location to check for the possible crack 

initiation (Types 4, 5, and 6) is the transverse stiffener connection to the web 

region. The stress range close to the middle of the web at the transverse stiffener 

location is less than 1 ksi, and the stress range close to the bottom of the 

transverse stiffener and web is less than 11 ksi. Hence, Type 4, 5, and 6 cracks 

may not develop considering the corresponding fatigue strength of 16 ksi.  

 

Figure 5.6 Tangential (longitudinal) stress distribution (ksi) 

5.3.2 Fatigue Investigation at the Lateral Support Locations 

Hot-spot stress fatigue assessment was applied to determine the fatigue 

crack initiation potential at the transverse stiffener connection to the web where 

the lateral support conditions were imposed. Russo et al. (2016) recommended 

using AASHTO detail category C and stress measured at the 0.25 inch of the weld 

toe when the hot-spot stress method is applied. Figure 5.7 shows the tangential 

stress distribution at the submodel with the high stress concentration just above 

the transverse stiffener weld. Tangential stress at the node 0.25 inch away from 
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the weld toe is almost 30 ksi, which is much larger than the 10 ksi fatigue resistance 

corresponding to detail category C. Hence, fatigue cracks are likely to occur at the 

lateral bracing connection to the transverse stiffener.  

 

Figure 5.7 Tangential stress, longitudinal, distribution of submodel (ksi) 
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21  

22  

23 Chapter 6 

24 Summary and Conclusions 
 

 Horizontally curved steel bridges are advantageous over curved concrete 

bridges because of their lightweight and ability to facilitate longer spans. Erection 

and construction of curved steel girders require less time compared to concrete 

bridges, which is a significant factor considering the expenses of closing the 

highways for building new ramps or flyovers. However a deep understanding of 

curved girders' complex mechanics is required for the strength design of these 

structures, and fatigue problems associated with curved girder systems must be 

addressed for the longterm performance of the bridge. This study focused on 

fatigue behavior of horizontally curved steel bridges.  

 Researches at the national level have been conducted in the U.S. since late 

1960’s to develop the strength limits of curved girder systems and specifications 

for designers.  The Consortium of University Research Teams (CURT) and Curved 

Steel Bridge Research Project (CSBRP) were the two most significant projects in 

developing the curved girder design specifications based on analytical and 

experimental studies for ultimate strength limit design. In contrast, very limited 

researches have been done to investigate the fatigue design considerations 

associated with curved girder bridges.  

 The most common type of fatigue problem in U.S. bridges is associated with 

differential lateral deflection of the adjacent girders in multi-girder bridges, which is 

referred to as distortion induced fatigue. It is estimated that more than 90 percent 

of fatigue cracks in the U.S. occur due to the distortion induced fatigue 

phenomenon. The small web gap between the cut short transverse stiffener and 
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flange experiences large stress concentrations applied by the rotation of 

connecting elements such as floor beams and diaphragms connection plates. 

Connecting the transverse stiffener end to the flange at the lateral cross-frame 

locations is the most effective way to prevent distortion induced fatigue.   

 Another fatigue problem associated with slender girders is caused by “web 

breathing.” Web breathing fatigue is defined by fatigue cracks that result from the 

repeated out-of-plane deformations of the web of slender girders. This problem 

has been studied widely for straight girders in European countries since the 1990s. 

Web slenderness limits based on bridge span length are provided by the Euro code 

to control web breathing.  

 The only fatigue study of curved steel girders in the U.S. was conducted in 

1973 entitled “Fatigue of Curved Steel Bridge Elements”. The multi-phase project 

investigated the residual stresses effect on the fatigue performance of curved 

girders. Five twin girder assemblies were fatigue tested. It was concluded that the 

fatigue cracks do not occur at the web panel boundaries with slenderness ratio up 

to 192, however fatigue cracks were observed at the diaphragm connection points 

to the web.  

 In another study in Japan in 1990, single curved girders were fatigue tested 

until failure. No fatigue cracks were observed in the web boundaries of the test 

girders. However, fatigue cracks initiated at the lateral support locations used for 

stabilizing the curved web panels.  

 A FEM model of a slender curved girder was built based on AASHTO (2017) 

and analyzed for different fatigue crack types. Two modeling strategies were 

applied to capture the possible fatigue crack initiation in the curved girder. Initial 

imperfections were imposed as scaled buckling mode shapes, and the nominal-

stress fatigue assessment method was used to evaluate the fatigue performance 

at web boundaries. It was concluded that fatigue cracks are unlikely to occur at the 

web to top flange connection. The longitudinal stiffener restrains the top web lateral 

deformations, and the resulting stress at the top flange weld to the web are 

consequently small. The bottom flange connection to the web is susceptible to 
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fatigue cracking due to high longitudinal bending stresses. However, the stresses 

due to web deformation at the bottom flange regions are less than the fatigue 

resistance of the detail.  

 A sub-modeling simulation technique was applied to investigate the web 

performance at the transverse stiffeners connection to the bottom flange where the 

lateral displacements were restrained. The hot-spot stress fatigue assessment 

method was used to evaluate the fatigue performance of the region. The calculated 

hot-spot stress was higher than the corresponding fatigue strength. Hence, there 

is the potential that fatigue cracks will occur at the web to transverse stiffener 

connection near the bottom flange. In general, based on the reviewed experimental 

studies related to the fatigue of curved girders and the FEM simulation of the 

present study, it can be concluded that the highest fatigue prone areas in slender-

web curved girders are located at the web near the bottom flange and the bottom 

of transverse stiffeners.  

Based on the literature review and finite element modeling the following 

future work is recommended: 

• Use refined three-dimensional finite element analysis for capturing the 

complex stress state at diaphragm connection plate of slender curved 

girders. 

• Investigate strengthening the connection at the lateral bracing to prevent 

possible fatigue cracking at web. 

• Investigate multi-girder curved assemblies to quantify the composite deck 

and cross-frame forces effect on fatigue performance. 

• Conduct field studies to verify the stress state in curved steel bridge girders 

from fabrication, erection, and service. 
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