REPAIR OFSTEELBRIDGE GIRDERS DAMAGED BY DISTORTIONNDUCED FATIGUE
By

Daniel Nagati

Submitted to the graduate degree progra@iuil Engineeringand the Graduate Faculty of the
University of Kansas in partial fulfillment of the requirements for the degrdtaster of
Science

Co- Chairperson Dr. Caroline Baatt

Co- Chairperson Dr. Adolfo Matamoros

Dr. Stanley Rolfe

Dr. Ron BarrettGonzalez

Date Defendedd6/07/2012



TheThesisCommittee foDaniel Nagati
certifiesthat this is the approved version of the followthgsis

REPAIR OFSTEELBRIDGE GIRDERS DAMAGED BY DISTORTIONNDUCED
FATIGUE

Co- Chairpeson Dr. Caroline Bennett

Co- Chairperson Dr. Adolfo Matamoros

Dr. Stanley Rolfe

Dr. Ron BarrettGonzalez

Date approvedd6/07/2012



EXECUTIVESUMMARY

Distortionrinduced fatigue in steel bridge girders is a common source of damage,
especially in bridges built prior to the ral®80s. Several different retrofit measures have been
developedo extend thaisefullife of bridgesaffected by distortiofinduced fatigue damage, and
implemented with various degrees of sucdessther slow or arrest the growth of fatigue
cracks. Experimntal and analytical simulatiomgere conducted to determine the efficacy of
severadifferent rerofit measures for distortieimduced fatigue.A new type of repair,
designat edith-aackapgbhese, 0 was devel oped based
simulations and experimental observations. The afglisback plate retrofit measure was
developd placing emphasis on simplicity of construction, minimizing construction costs, and
minimizing traffic disruptions.Computersimulations and physic&stsof 9 foot girder
subassembliesere carried outo evaluatehe performance of the anglesth-bad 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. Asmblies 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 sigmifityaot
literature on its behavior under fatigue loading and because there aestablished methods of
repair that could based as a benchmark to evaluhie performance of the composite materials.
A preceding study showed that the biggastlemwith this kind of retrofit measure was the
tendency of composite overlaysdebond from the stedue 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 @ffective,the goalof this studywas toevaluatea methodto preventhat from
happening.The improved retrofit measure consisted of plasiteg! plats on top of the
composite overlays. The steel plates would then be fastened to the assembly with strucural bolt
with the goal of maintaining the steaVerlay interface in compression. The compressive stress
would preclude any cracks that develop along the-steslay interface from propagating,
effectively preventing debonding of the overlays.

This thesis is anized inthreedifferent sections The first, ti-tled Al
l nduced Fatigue Cracks in Steel Bridge Girder
programs used to evaluate the argl&h-back plate retrofimeasure The second partitled
A Us eBolted CFRP Overlays to Prevent Fatigue Damad¥eétded Steel Covel at es, 0
describesananalyticalstudy to evaluate various configurations of composite overlays bolted to
welded cover plates and a steel plafée third portionoftts t hesi s titl ed fALoac
Bridge Model 06 detail s the des imadejoadfceldsedi cat i on
for monitoring thdoad distribution in 80-foot long reduceescalemodel of a steel girddaridge
test. Theeducedscalemodel 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
complexinteractions that will take place between adjacent girders and the effect of components

such as the bridge deck.
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CHAPTER 1RETROFITOF DISTORTIONINDUCEDFATIGUE CRACKS IN &EL BRIDGE

GIRDERS

Abstract

Severaktudies have identifiedistortioninduced fatigue as the leading cause of cracks in
steel bridges built prior to theid-1980s(Lindberg and Schultz 2007, Roddis 2001)
Experimenal and computer simulations ®14-mm (36in.) deg girdercross frame
subassembliesubjected to cyclic loading were carried out to study the effects of distortion
induced fatigue and to evaluate the effectiveness of various retedgures Previous repair
methods for distortioinduced fatigue damage have attempteatthuce the séiss demand at the
critical webgap region byncreasg the flexibility of thegirderwebin the outof-plane
direction or byrestrairng the lateral motiomf the webby fixing the connectiostiffener to the
girderflange A new approach was investigdtm this studyntended to reduce the stress
demand irthe webgapregionby re-distributing theout-of-planeforcetransferred througthe
girdercross frame connection over a larger arethe girder web.

A new retrofitmeasureas proposed based onshapproach, which consists of adding steel
angles connecting the girder web and the connection (@&gand a stegdlateon the back side
of the girder web to distribute the lateral force over a wider region of the Bederimental and
computer simwdtion results are presented showing that this repair method is very effective in
preventing the growth of horsesdashaped cracks around the webssframe connection and of

horizontal cracks near the junction between the flange and web.



Introduction and _Background

Fatigue cracks in steel girders are frequently found during inspections of older bridge
structuregLindberg and Schult2007) These cracks generally initiate in areas of a bridge
affected by large stress demaitiuced by geometric discontinuitied national suvey 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 (MniD@bDerg
and Schult2007) In response to the survey, DOT engineers from various stgteded 11
different types of commonly observed fatigue cradRee of the most frequently reported areas
exhibiting fatigue damage were transverse stiffevedrgaps in positive and negative moment
regions of girder¢Keating1994) This is consistent with a study BRoddis and Zha@001)
which states that odf-plane distortion was one of the main reasons for fatigue cratkslges
nationwide Rodds and Zhao (2008Iso statedrat the positive moment region svenore
vulnerable to fatigue cracks than the negative moment re@eformations induced by owff-
plane distortion are illustrated in Figutel. When adjacent girders experience defarvertical
deflections due to passing traffic, transverse stiffeners can causé plane distortion on the
girder web Outof-plane distortion of theveb-gapregion and the high localized deformations
caused by it induce large stress demands iw#ieand the connection welds, whidn

significantlydecrease the fatigue life of bridg@sjich and Schultz 2003)
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Figure 1-1: Out of plane distortion in bridge girder

A web-gapregion 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 girddfiffange (
1-1). This type of connection detail was widely used in the United States befaradi®80s
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 fld@getiglioni et al1988) and because
there were concerrbat welding the connection plate to the tensionggawould lead to fatigue
damage, a problem that walsserved in European bridgeslgan the last centuryRoddis and
Zhao2001) 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 distaon-induced fatiguelocumented in the literature attempt to
reduce the high localized stress demanithe webgap regiorby two different approaches: some
repairs attempt to reduce the stress demanddimng the plateéo-web connection more
flexible, while others introduce an alternate load patladhginga very stiff connection between

the connection plate and the flangehe flexibility of theweb-gapregion can be increased



through several alternatives, including the introduction of a slot at theoétlyge connection
plate, cropping the stiffener, and removing diaphragmdding connectivity which increases
the stiffness of the connectiads commonly implemented by welding or bolting angles to the
flange Performing this type of repair often rgces removal of the concrete dgédeating and
Fisher 1987; Fisher 1990; Cousins and Stallitg@8)to access the top flang&@he drilling of
crackstop holes is the most commonly applied retmoiasurealiscussed in the literature, and
can be used in combination withe retrofitaneasures$isted previously.

The research presented in this th@svestigates two repair methoids cracks observed
in web-gapregions of bridges with distortieimduced fatigue damagd.hesecracks were
repaired using a simple reinforcement scheme applied atehxgapregion consisting of two
angles and a back plat&he drilling of crackstop holes at the tips of the fatigue cracks, a
simple repair technique often used in steelgeswasalso evaluated.

Researchaboutthe repair of distortionduced fatigue cracks in weajap regions of steel
girdersconsistedf experimental and computer simulations gt-fong girder segments. The
girder segmentaere subjected toyclic loading appkd through a crossame that caused
distortion of the welgap region.Computer simulations consistedliofear analyses dfigh-
resolution Finite Element (FE) models of the girder specimen. Calculated stress demands and
potential crack propagation patte 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 indtators of the propagation path followed by fatigue cracks in the girder

subassemblies.



Comparison between the behavior of test subassembly and a bridge structure

Giventheinteractionghat existoetween primary and secondagtions in a bridgea
complee bridge systemprovides a far superior means to evaluate the efficacy of retrofit
measures than subassembli&ie main advantage stibassemblies is thistingcan be
perfamed at a significantly lowerost, allowing multiple simulations at a fraatiof the cost of
a single simulation of a bridge systeBecause the former technique was employed in this
study, a comparison was carried out between results frorrésgitution computer simulations
of subassemblies and complete bridge systehlargescaleanalytical study on distortien
induced fatigue in steel bridges, comprising more than 1000raggiution simulations of
bridge systems with similar girder dimensions as those used in the subassemblies evaluated in
this study, was carried out by stel (2011). FE simulation results, illustrated in Fig8.
throughl-6, show that the distribution of stresses inws-gapregion of the subassemblies
was similar to thatoundin the webgap region of the twspan continuous model bridge
employed byHassel. 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 thEiignge

5 and 16).
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Figure 1-4: Deflected shape of bridge section in a region of positive momejitassel 2011)
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Figure 1-5: Close-up view showing stress demand at theveb-gapregion of the deflected girder

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

(Hassel 2011)

Objective and Scope

The main objective of this study was to investigate repair methods for distortioced
fatigue cracks in theveb-gap region of bridge girders The study included a suite of Finite
Element (FE) analyses to investigate the effect of various retrofit nesaand crack geometries
on the stress distribution in thveeb-gapregion The performance of two repair methods was
investigated experimentally: 1) drilling of craskop holes and 2) providing connectivity by
attaching angles to the connection plate gedgirder web, and bolting the angles to a steel bar

on the opposing side of the girder web (referred to as angflesackplate repair)



Computer Smulations

The computer models were created to resemble as closely as possible thergasler
frame sulassemblies that were testédg 1-7). Computer simulations of a full bridge with
similar girder dimensions carried out for a different st(fdgssel011)showed good agreement
between the stress fields computed at the-gagbregion of the model bridge and those
computed for the specimens evaluated in this stdidhye dimensions of the specimens and the
measured material pperties are described in the experimental program sedtiopar-elastic
FE models were created usingn8de brick elements, each with 24 degrees of freeddme
number of elements ranged from 1 to 2 million, depending on the retrofit measure that was
modeled An 813mm (32in.) wide strip with a reduced mesh size was defined in the girder
web, centered on the creBame connection plate, spanning from the bottom to the top flange
The size of the elements in this strip was setasrB8(0.10in) to improve the accuracy of the
calculated stress field in this regio 76-mm (3in.) wide vertical strip of tetrahedral elements
was used to transition from the fine mesh to a0 (0.38in.) coarser mesh used to model the

web of the girder in locatiorsvay from the cross frame.

S, Max. Principal
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Figure Deformed configuration of girder specimen: a) aerial view b) center cut



The connection plate was partitioned to allow for varying element types and mesh sizes
aroundthe bolt holes and the 38m (1-'/4-in.) clipped ends A swept hexagonal mesh with 5
mm (0.2in.) elements was used around the bolt h@edtetrahedral elements were usadhe
clipped ends. Everywhere else in the connection platan50.2in.) hexagonal elements were
used. A similar meshing technique was used to model the end stiffeners. The hexagonal element
size used away from the gped edges wasi®m (0.3in.).

All four web-to flange fillet weldswhich were 5mm ¢/1¢-in.) in size,were maleled
with a triangular cross section using structured hexagonal elenfhtsre web-to-connection
plate fillet welds were also modeled with a triangular cross section but in this case using
tetrahedral elementsThe fillet welds were placed all aradithe connection plate, including the
top and the bottomAll welds had a maximum element size efri8n (0.2in.). The modulus of
elasticity of the A36 grade steel members was
ratio was defined as Q.3

In thephysical model,te steel girder was connected to the reaction floor of the
laboratory through a series of channels so that the flange would be restrained fadrplane
motion in the same manner that the axial stiffness of the concretevdatkrestict the outof-
plane motion of &ridgegirder. The concrete floor was simulated in the computer model as an
elastic material with a modulu$ elasticity of 27,780 MPa (4,00 ksi ) and Poi ssond
to 0.2 The concrete mesh consisted of 406 (4-in.) brick elements with 16 nodesAnalyses
of the subassemblyere performedising models invhich tensioedbolts weresimulated
explicitly and also with models in which the bolt force was neglected and the bolts were
connected to the steel membeith tie constraints. tiwas found that the computed stress fields

at the webgap region were very similawvith the lattertype of modetequiring a much lower
10



computational cost For the same reason, connections between the channels and the bottom
flange of the girder were simulated using tie constraints.

Thecomputemodel was loaded with a single 22,2MQ5-kip) force, applied to a WT
section that was used to connect the cross braces to the actubéophysical model (Fig-8).
In the computemodel, he 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
framein the physical moddFig. 1-8). In the computer modelhé WT sectiorwhere he
actuator force was appliedhs restrained from moving along the direction parallel to the
longitudinal axis of the girder. Figurés8 and1-9 show the girder specimen and the

experimental setup.

11
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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 spotstress (HSS) techniqgud@he HSS technique was adopted to obtain a more reliable
measure of demand in areas of web-gapregion where there were large stress gradients, such
as near welded or bearing connectio&aximum principal stresses were usegaseasure of
vulnerability to fatigue damage because areas with the largest maximum principal stress

demands in the model correlated well with locatiohene cracks formed in the specimeRg(

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

web-gap regions of specimens 1 and @bserved 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 ofiin ¢/1¢-in.) away from the weld, equivalent to half the thickness
of the web (16mm, ¥/g-in.) (Fig. 1-11). HSS sampling pathseve defined onlyearlocations
where cracks were observed in the specimens. HSS Path #1 Bottom was defined as a-horseshoe
shaped path in the bottoweb-gapof the subassembly. HSS Path #2 Bottom was defined as a
horizontal path above the crack that fedrin the weko-flange weld in the bottorweb-gapof
the subassembly. Similar paths were defined and sampled in twela@apof the subassembly
when cracks were observed in the experiment. Tihéedral and stress intensity factors (SIF) at
the tipof 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.
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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 thef@subassemblies, cyclic loads were applied while
crack growth caused by the distortion of the wgalp was monitored. lone of the latter test
trials, crackstop holes with a diameter of-b8m ¢/4-in.) were drilled at the tip of the cracks, at
the locations shown in Fig-20. Crackstop holes were placed in the FE models in the same top
and bottom welgap locations thatere drilled in the specimen to evaluate their effect on the
stress field.Four of the holeshown in Fig. 112b were used to attach angles to the web and
were not intended to be craskop holes. Figure-12 shows the computed stress fields with and
without crackstop holes.The comparison shows that the stress demands were virtually the
same

Thetwo 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 st@lsonnection plate @ld. Simulations were
performed to establish a comparison between an unretrofitted model with two cracks in the

bottomweb-gapregion and a model with the same crack pattern but with -stagkholesKig.
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1-12). The maximum HSS value at Path decreaskby 27% with the drilling of the crack stop
holes, while the maximum HSS along Path #2 decreased by Theétstress fields presented in
Fig. 1-12 show that the drilling of craektop holes did not significantly reduce the stress
demand, and that the rexddion was not likely sufficient to prevent the existing cracks from

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

Angles-with -plate repair

This repair was dealoped based on experimental observations from simple poiae
bending specimens with welded connections repaired with composite ovértstgesults
showed that providing an alternate load path around the weld was a highly effective method to
reducethe stress demand at the walttlled to a negligible rate of crack growilemdar et al.
2011) Although the shape of the thrpeint bending specimens was different, there was a
strong similaritywith the webgap region becausmmputer and experimental simulations
showed that horseshasbapedracksin the latter type of connection originatear he
connection plat¢éo-web weld Computer simulations in which tlveeb-gap regiorwas repaired
with composite materials were evaluated as part of this study, and this method proved to be
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