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EXECUTIVE SUMMARY 

Distortion-induced fatigue in steel bridge girders is a common source of damage, 

especially in bridges built prior to the mid-1980s.  Several different retrofit measures have been 

developed to extend the useful li fe of bridges affected by distortion-induced fatigue damage, and 

implemented with various degrees of success to either slow or arrest the growth of fatigue 

cracks.  Experimental and analytical simulations were conducted to determine the efficacy of 

several different retrofit measures for distortion-induced fatigue.  A new type of repair, 

designated as ñangles-with-back plate,ò was developed based on results from computer 

simulations and experimental observations.  The angles-with-back plate retrofit measure was 

developed placing emphasis on simplicity of construction, minimizing construction costs, and 

minimizing traffic disruptions.  Computer simulations and physical tests of 9 foot girder 

subassemblies were carried out to evaluate the performance of the angles-with-back plate retrofit 

measures in terms of the reduction in stress demand at critical locations and its ability to prevent 

further crack propagation. 

The second thrust of the study was to investigate the use of composite materials to repair 

fatigue damage.  Assemblies with welded cover plates, a type of connection detail well known 

for its susceptibility to fatigue damage, were repaired using prefabricated composite overlays.  

This type of connection detail was chosen for the study because there is a significant body of 

literature on its behavior under fatigue loading and because there are well-established methods of 

repair that could be used as a benchmark to evaluate the performance of the composite materials.  

A preceding study showed that the biggest problem with this kind of retrofit measure was the 

tendency of composite overlays to debond from the steel due to peel stresses induced by the 

curvature of the assemblies when subjected to bending.  Because debonding of the overlay 
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renders the repair ineffective, the goal of this study was to evaluate a method to prevent that from 

happening.  The improved retrofit measure consisted of placing steel plates on top of the 

composite overlays.  The steel plates would then be fastened to the assembly with structural bolts 

with the goal of maintaining the steel-overlay interface in compression.  The compressive stress 

would preclude any cracks that develop along the steel-overlay interface from propagating, 

effectively preventing debonding of the overlays. 

This thesis is organized in three different sections.  The first, titled ñRepair of Distortion-

Induced Fatigue Cracks in Steel Bridge Girdersò describes the analytical and experimental 

programs used to evaluate the angles-with-back plate retrofit measure.  The second part, titled 

ñUse of Bolted CFRP Overlays to Prevent Fatigue Damage in Welded Steel Cover Plates,ò 

describes an analytical study to evaluate various configurations of composite overlays bolted to 

welded cover plates and a steel plate.  The third portion of this thesis titled ñLoad Cells for Scale 

Bridge Modelò details the design, fabrication, and preparation of custom-made load cells used 

for monitoring the load distribution in a 30-foot long reduced-scale model of a steel girder bridge 

test.  The reduced-scale model of the bridge is intended to verify findings from research 

developed using component tests to make sure that those findings are applicable to complete 

bridge systems.  Using a model of a complete bridge system allows proper simulation of the 

complex interactions that will take place between adjacent girders and the effect of components 

such as the bridge deck. 
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CHAPTER 1 RETROFIT OF DISTORTION-INDUCED FATIGUE CRACKS IN STEEL BRIDGE 

GIRDERS 

Abstract  

Several studies have identified distortion-induced fatigue as the leading cause of cracks in 

steel bridges built prior to the mid-1980s (Lindberg and Schultz 2007, Roddis 2001).  

Experimental and computer simulations of 914-mm (36-in.) deep girder-cross frame 

subassemblies subjected to cyclic loading were carried out to study the effects of distortion-

induced fatigue and to evaluate the effectiveness of various retrofit measures.  Previous repair 

methods for distortion-induced fatigue damage have attempted to reduce the stress demand at the 

critical web-gap region by increasing the flexibility of the girder web in the out-of-plane 

direction or by restraining the lateral motion of the web by fixing the connection stiffener to the 

girder flange.  A new approach was investigated in this study intended to reduce the stress 

demand in the web-gap region by re-distributing the out-of-plane force transferred through the 

girder-cross frame connection over a larger area of the girder web. 

A new retrofit measure is proposed based on this approach, which consists of adding steel 

angles connecting the girder web and the connection plate (CP), and a steel plate on the back side 

of the girder web to distribute the lateral force over a wider region of the web.  Experimental and 

computer simulation results are presented showing that this repair method is very effective in 

preventing the growth of horseshoe-shaped cracks around the web cross-frame connection and of 

horizontal cracks near the junction between the flange and web. 



2 

 

Introduction and Background  

Fatigue cracks in steel girders are frequently found during inspections of older bridge 

structures (Lindberg and Schultz 2007).  These cracks generally initiate in areas of a bridge 

affected by large stress demands induced by geometric discontinuities.  A national survey on the 

types of fatigue cracks observed in steel bridges was performed as part of a study on distortion-

induced fatigue sponsored by the Minnesota Department of Transportation (Mn/DOT) (Lindberg 

and Schultz 2007).  In response to the survey, DOT engineers from various states reported 11 

different types of commonly observed fatigue cracks.  One of the most frequently reported areas 

exhibiting fatigue damage were transverse stiffener web-gaps in positive and negative moment 

regions of girders (Keating 1994).  This is consistent with a study by Roddis and Zhao (2001) 

which states that out-of-plane distortion was one of the main reasons for fatigue cracks in bridges 

nationwide.  Roddis and Zhao (2001) also stated that the positive moment region was more 

vulnerable to fatigue cracks than the negative moment region.  Deformations induced by out-of-

plane distortion are illustrated in Figure 1-1.  When adjacent girders experience different vertical 

deflections due to passing traffic, transverse stiffeners can cause out-of- plane distortion on the 

girder web.  Out-of-plane distortion of the web-gap region and the high localized deformations 

caused by it induce large stress demands in the web and the connection welds, which can 

significantly decrease the fatigue life of bridges (Jajich and Schultz 2003). 
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Figure 1-1: Out of plane distortion in bridge girder  

A web-gap region is created when a connection plate is clipped at the top or bottom, 

leaving a gap between the edge of the connection plate and the unconnected girder flange (Fig. 

1-1).  This type of connection detail was widely used in the United States before the mid-1980s.  

The connection detail was implemented in this manner because it is very difficult to achieve a 

good quality weld at the intersection of the web and flange (Castiglioni et al. 1988), and because 

there were concerns that welding the connection plate to the tension flange would lead to fatigue 

damage, a problem that was observed in European bridges early in the last century (Roddis and 

Zhao 2001).  Roddis and Zhao (2001) indicate that it was common practice not to weld 

connection plates to the compression flange also to avoid the introduction of AASHTO fatigue 

category E connection details. 

Retrofit measures for distortion-induced fatigue documented in the literature attempt to 

reduce the high localized stress demand in the web-gap region by two different approaches: some 

repairs attempt to reduce the stress demand by making the plate-to-web connection more 

flexible, while others introduce an alternate load path by adding a very stiff connection between 

the connection plate and the flange.  The flexibility of the web-gap region can be increased 
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through several alternatives, including the introduction of a slot at the edge of the connection 

plate, cropping the stiffener, and removing diaphragms.   Adding connectivity, which increases 

the stiffness of the connection, is commonly implemented by welding or bolting angles to the 

flange.  Performing this type of repair often requires removal of the concrete deck (Keating and 

Fisher 1987; Fisher 1990; Cousins and Stallings 1998) to access the top flange.  The drilling of 

crack-stop holes is the most commonly applied retrofit measure discussed in the literature, and 

can be used in combination with the retrofits measures listed previously. 

The research presented in this thesis investigates two repair methods for cracks observed 

in web-gap regions of bridges with distortion-induced fatigue damage.  These cracks were 

repaired using a simple reinforcement scheme applied at the web-gap region consisting of two 

angles and a back plate.  The drilling of crack-stop holes at the tips of the fatigue cracks, a 

simple repair technique often used in steel bridges was also evaluated. 

Research about the repair of distortion-induced fatigue cracks in web-gap regions of steel 

girders consisted of experimental and computer simulations of 9-ft-long girder segments.  The 

girder segments were subjected to cyclic loading applied through a cross-frame that caused 

distortion of the web-gap region.  Computer simulations consisted of linear analyses of high-

resolution Finite Element (FE) models of the girder specimen.  Calculated stress demands and 

potential crack propagation patterns obtained from the FE simulations were found to be in 

excellent agreement with direct observations from the physical simulations of the specimens.  

Locations of maximum principal tensile stress computed with the FE models were found to be 

very good indicators of the propagation path followed by fatigue cracks in the girder 

subassemblies.  
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Comparison between the behavior of test subassembly and a bridge structure 

Given the interactions that exist between primary and secondary actions in a bridge, a 

complete bridge system provides a far superior means to evaluate the efficacy of retrofit 

measures than subassemblies.  The main advantage of subassemblies is that testing can be 

performed at a significantly lower cost, allowing multiple simulations at a fraction of the cost of 

a single simulation of a bridge system.  Because the former technique was employed in this 

study, a comparison was carried out between results from high-resolution computer simulations 

of subassemblies and complete bridge systems.  A large-scale analytical study on distortion-

induced fatigue in steel bridges, comprising more than 1000 high-resolution simulations of 

bridge systems with similar girder dimensions as those used in the subassemblies evaluated in 

this study, was carried out by Hassel (2011).  FE simulation results, illustrated in Figs. 1-2 

through 1-6, show that the distribution of stresses in the web-gap region of the subassemblies 

was similar to that found in the web-gap region of the two-span continuous model bridge 

employed by Hassel.  In both instances the main areas of vulnerability were at the weld between 

the connection plate and the girder web, and at the weld between the web and the flange (Figs. 1-

5 and 1-6). 
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Figure 1-2: Bottom view of simulated bridge model (Hassel 2011) 

 
Figure 1-3: Deflected shape of the bridge model under truck load (Hassel 2011) 
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Figure 1-4: Deflected shape of bridge section in a region of positive moment (Hassel 2011) 

 
Figure 1-5: Close-up view showing stress demand at the web-gap region of the deflected girder 

(Hassel 2011) 
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Figure 1-6: Detailed view of the stress demand at the web-gap region of an external bridge girder 

(Hassel 2011) 

 

Objective and Scope 

The main objective of this study was to investigate repair methods for distortion-induced 

fatigue cracks in the web-gap region of bridge girders.  The study included a suite of Finite 

Element (FE) analyses to investigate the effect of various retrofit measures and crack geometries 

on the stress distribution in the web-gap region.  The performance of two repair methods was 

investigated experimentally: 1) drilling of crack-stop holes and 2) providing connectivity by 

attaching angles to the connection plate and the girder web, and bolting the angles to a steel bar 

on the opposing side of the girder web (referred to as angles-with-back plate repair). 
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Computer Simulations  

The computer models were created to resemble as closely as possible the girder-cross 

frame subassemblies that were tested (Fig. 1-7).  Computer simulations of a full bridge with 

similar girder dimensions carried out for a different study (Hassel 2011) showed good agreement 

between the stress fields computed at the web-gap region of the model bridge and those 

computed for the specimens evaluated in this study.  The dimensions of the specimens and the 

measured material properties are described in the experimental program section.  Linear-elastic 

FE models were created using 8-node brick elements, each with 24 degrees of freedom.  The 

number of elements ranged from 1 to 2 million, depending on the retrofit measure that was 

modeled.   An 813-mm (32-in.) wide strip with a reduced mesh size was defined in the girder 

web, centered on the cross-frame connection plate, spanning from the bottom to the top flange.   

The size of the elements in this strip was set as 3-mm (0.10-in) to improve the accuracy of the 

calculated stress field in this region.   A 76-mm (3-in.) wide vertical strip of tetrahedral elements 

was used to transition from the fine mesh to a 10-mm (0.38-in.) coarser mesh used to model the 

web of the girder in locations away from the cross frame. 

 
Figure 1-7: Deformed configuration of girder specimen: a) aerial view b) center cut 
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The connection plate was partitioned to allow for varying element types and mesh sizes 

around the bolt holes and the 32-mm (1-
1
/4-in.) clipped ends.   A swept hexagonal mesh with 5-

mm (0.2-in.) elements was used around the bolt holes, and tetrahedral elements were used in the 

clipped ends.  Everywhere else in the connection plate, 5-mm (0.2-in.) hexagonal elements were 

used.  A similar meshing technique was used to model the end stiffeners.  The hexagonal element 

size used away from the clipped edges was 8-mm (0.3-in.). 

All four web-to flange fillet welds, which were 5-mm (
3
/16-in.) in size, were modeled 

with a triangular cross section using structured hexagonal elements.  All five web-to-connection 

plate fillet welds were also modeled with a triangular cross section but in this case using 

tetrahedral elements.  The fillet welds were placed all around the connection plate, including the 

top and the bottom.  All welds had a maximum element size of 3-mm (0.1-in.).   The modulus of 

elasticity of the A36 grade steel members was defined as 200 GPa (29,000 ksi) and Poissonôs 

ratio was defined as 0.3. 

In the physical model, the steel girder was connected to the reaction floor of the 

laboratory through a series of channels so that the flange would be restrained from out-of-plane 

motion in the same manner that the axial stiffness of the concrete deck would restrict the out-of-

plane motion of a bridge girder.  The concrete floor was simulated in the computer model as an 

elastic material with a modulus of elasticity of 27,780 MPa (4,000 ksi) and Poissonôs ratio equal 

to 0.2.   The concrete mesh consisted of 102-mm (4-in.) brick elements with 16 nodes.   Analyses 

of the subassembly were performed using models in which tensioned bolts were simulated 

explicitly and also with models in which the bolt force was neglected and the bolts were 

connected to the steel members with tie constraints.  It was found that the computed stress fields 

at the web-gap region were very similar, with the latter type of model requiring a much lower 
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computational cost.   For the same reason, connections between the channels and the bottom 

flange of the girder were simulated using tie constraints. 

The computer model was loaded with a single 22,240-N (5-kip) force, applied to a WT 

section that was used to connect the cross braces to the actuator in the physical model (Fig. 1-8).  

In the computer model, the bottom of the concrete block below the specimen was modeled as 

fully fixed, and so were both ends of a channel connecting the two end angles to the reaction 

frame in the physical model (Fig. 1-8).  In the computer model, the WT section where the 

actuator force was applied was restrained from moving along the direction parallel to the 

longitudinal axis of the girder.  Figures 1-8 and 1-9 show the girder specimen and the 

experimental setup. 

  
Figure 1-8: Experiment setup. 
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Figure 1-9: Girder specimen a) plan b) elevation c) section 

 

Computed stresses from models with different retrofit measures were compared using the 

hot spot stress (HSS) technique.  The HSS technique was adopted to obtain a more reliable 

measure of demand in areas of the web-gap region where there were large stress gradients, such 

as near welded or bearing connections.  Maximum principal stresses were used as a measure of 

vulnerability to fatigue damage because areas with the largest maximum principal stress 

demands in the model correlated well with locations where cracks formed in the specimens (Fig. 

1-10). 
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Figure 1-10: Observed crack patterns superimposed on the results from the simulation models for 

web-gap regions of specimens 1 and 2 (observed cracks shown as white lines).  

In accordance with the definition of HSS used in this study, paths for sampling the stresses 

were defined at a distance of 5-mm (
3
/16-in.) away from the weld, equivalent to half the thickness 

of the web (10-mm, 
3
/8-in.) (Fig. 1-11).  HSS sampling paths were defined only near locations 

where cracks were observed in the specimens.  HSS Path #1 Bottom was defined as a horseshoe-

shaped path in the bottom web-gap of the subassembly.  HSS Path #2 Bottom was defined as a 

horizontal path above the crack that formed in the web-to-flange weld in the bottom web-gap of 

the subassembly.  Similar paths were defined and sampled in the top web-gap of the subassembly 

when cracks were observed in the experiment.  The J-Integral and stress intensity factors (SIF) at 

the tip of simulated cracks were computed as a measure of propensity for crack growth.  A total 

of 5 contours were evaluated in the calculations, at points evenly spaced through the thickness of 

the web. 

a) Specimen 1                                                           b) Specimen 2 
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Figure 1-11: Pre-defined paths for sampling of stress demands in the various FE models. 

Crack stop holes 

During the physical simulation of the 9-ft subassemblies, cyclic loads were applied while 

crack growth caused by the distortion of the web-gap was monitored.  In one of the latter test 

trials, crack-stop holes with a diameter of 19-mm (
3
/4-in.) were drilled at the tip of the cracks, at 

the locations shown in Fig. 1-20.  Crack-stop holes were placed in the FE models in the same top 

and bottom web-gap locations that were drilled in the specimen to evaluate their effect on the 

stress field.  Four of the holes shown in Fig. 1-12b were used to attach angles to the web and 

were not intended to be crack-stop holes.  Figure 1-12 shows the computed stress fields with and 

without crack-stop holes.  The comparison shows that the stress demands were virtually the 

same. 

The two HSS sampling paths in the model with crack stop holes were defined at a distance 

of half the thickness of the web away from the web-to-connection plate weld.  Simulations were 

performed to establish a comparison between an unretrofitted model with two cracks in the 

bottom web-gap region and a model with the same crack pattern but with crack-stop holes (Fig. 
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1-12).  The maximum HSS value at Path #1 decreased by 27% with the drilling of the crack stop 

holes, while the maximum HSS along Path #2 decreased by 16%.  The stress fields presented in 

Fig. 1-12 show that the drilling of crack-stop holes did not significantly reduce the stress 

demand, and that the reduction was not likely sufficient to prevent the existing cracks from 

propagating. 

 
Figure 1-12: Stress field comparison a) No retrofit b) Crack stop hole retrofit 

Angles-with-plate repair 

This repair was developed based on experimental observations from simple three-point 

bending specimens with welded connections repaired with composite overlays.  Test results 

showed that providing an alternate load path around the weld was a highly effective method to 

reduce the stress demand at the weld and led to a negligible rate of crack growth (Alemdar et al. 

2011).  Although the shape of the three-point bending specimens was different, there was a 

strong similarity with the web-gap region because computer and experimental simulations 

showed that horseshoe-shaped cracks in the latter type of connection originate near the 

connection plate-to-web weld.  Computer simulations in which the web-gap region was repaired 

with composite materials were evaluated as part of this study, and this method proved to be 




























































































































