REPAIR OF BRIDGE STEEL GIRDERS DAMAGED BY DISTORTNBINDUCED
FATIGUE
By

Fatih Alemdar

Submitted to the graduate degree program in Civglikeering and the Graduate Faculty of the
University of Kansas in partial fulfilment of thequirements for the degree of Doctor of
Philosophy.

Chairperson Dr. Adolfo B. Matamoros

Dr. Caroline R. Bennett

Dr. Ronald M. Barrett

Dr. JoAnn Browning

Dr. Stanley Rolfe

Date Defended: 10/26/2011



The Dissertation Committee for Fatih Alemdar
certifies that this is the approved version offthiowing dissertation:

REPAIR OF BRIDGE STEEL GIRDERS DAMAGED BY DISTORTNBINDUCED
FATIGUE

Chairperson: Adolfo B. Matamoros

Date approved: 12/07/2011



ABSTRACT

This study investigates the repair of steel briggéers damaged by distortion-induced
fatigue. The study is presented in three partse first part describes finite element modeling
techniques used to evaluate the potential for diaticracks in steel girders subjected to
distortion-induced fatigue. The modeling techngjeenployed in this study were intended to
identify areas near welded connections in bridgeegs with the highest potential for developing
fatigue cracks, and to evaluate the effectivenésstmfit measures in reducing the potential for
crack propagation near welded connections withtiegj$atigue cracks. Computer simulations
correlated well with experimentally observed crpekterns and were useful in providing an
indication of the effectiveness of various retrofi¢asures.

The second part of the study investigates the tiseroposite materials to repair fatigue
damage in steel girders. A total of 17 specimeitis pre-existing fatigue cracks were tested
under cyclic loading to evaluate the performanceoohposite overlays when used to repair
fatigue damage in steel structures. Two contretspens were tested without overlays and the
remaining 15 were repaired with Carbon Fiber Retdd Polymer (CFRP) overlays of various
thicknesses. Results indicate that this methodwsaseffective, and that proper
implementation of this type of repair can reducedhack propagation rate to negligible values.

The third part of the study consisted of physicad aomputer simulations of 914-mm
(36-in.) deep girder-cross frame subassemblieestdy to cyclic loading. The simulations
were carried out to investigate the stress demeawsed by distortion-induced fatigue and to
evaluate the effectiveness of various retrofit meas. Previously used repair methods for

distortion-induced fatigue damage have attempteddace the stress demand in the web gap



region by increasing the flexibility of cross-franwegirder connection or by restraining the
lateral motion of the cross-frame by attachingdbenection plate to the slab. A new retrofit
approach was investigated in this study designeddoce the stress demand in the web gap
region by distributing the force at the girder-aésme connection over a larger area. A new
retrofit detail is proposed based on this approattich consists of adding steel angles
connecting the girder web and the connection péatd,a steel bar on the back side of the girder
web to distribute the lateral force over a widegioa of the web. Experimental and computer
simulation results are presented showing thatrépair method is very effective in preventing
the growth of horseshoe-shaped cracks around thecvess frame connection and of straight

cracks near the junction between the flange and web
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CHAPTER 1. INTRODUCTION

This thesis presents a study to develop and ewateptir methods that may be used to
mitigate traffic-induced fatigue damage in steéipe structures. Fatigue damage in steel
bridges mostly occurs in areas of the bridge wkieeee are abrupt geometry changes, or where a
relatively large force is transferred through a bay@a. Both of these types of vulnerabilities
can exist in welded connections. In some instaseesndary stresses, which are difficult to
qguantify during the design process without sopteséd analysis models, can combine with the
aforementioned vulnerabilities leading to fatig@ege. This is the case for distortion-induced
fatigue, a problem that afflicts a large numbestofictural steel bridges designed prior to the
mid-1980’s.

The distortion-induced fatigue problem presentsyr@rallenges, in terms of analysis
and repair. The distribution of stresses in web r@@ions of steel bridges (Fig. 1-5), where
fatigue cracks due to distortion-induced fatigueeforiginate, is very complex. Due to the
complexity of the stress field, cracked areas abgested to loadings that produce mixed mode
fracture. Repairing distortion-induced fatigue @a® is also difficult because geometric
constraints limit the type of repair methods threat be applied to prevent further growth of
fatigue cracks. Given the unique nature of thabfem it is important for engineers to have at
their disposal various alternatives for repair.e Tevelopment of new techniques to repair
distortion-induced fatigue damage is the focush study.

The research presented in this thesis investigapzsr methods for two different types of
fatigue cracks observed in web gap regions of lesdgith distortion-induced fatigue damage:

fracture-mode-1 type cracks and mixed-fracture-raddd@and-3 type cracks. The method of
1



repair investigated for fracture-mode-1 cracks =iad of bonding Carbon Fiber Reinforced
Polymers (CFRP) overlays over the cracks to proaialternate load path and reduce the
driving stress range at the tip of the crack. Mixaeode cracks were repaired using a simple
reinforcement scheme applied at the web gap regiosisting of two angles and a back plate.
In the case of mixed-mode cracks, a simple repahrtique often used in steel bridges, the
drilling of crack-stop holes at the tip of the fate cracks, was also evaluated. The findings of
these two investigations are discussed in the tbeparate papers which follow.

The first paper is focused on the repair of digtarinduced fatigue cracks in web-gap
regions of steel girders. The research comprigpdrenental and computer simulations of 9 ft-
long girder segments subjected to distortion-induiegigue loading applied through a cross
frame. Computer simulations consisted of highfwggmn Finite Element (FE) models of the
girder specimen. Calculated stress demands aedtdtcrack propagation patterns obtained
from the FE simulations were found to be in excelEgreement with direct observations from
the physical simulations of the specimens. Locatiof maximum principal tensile stress
computed with the FE models were found to be vexdgndicators of the propagation path
followed by fatigue cracks in the girder subasséesbl

The second paper focuses on the repair of frachage-1 type cracks using composite
overlays. Specimens consisting of tensile coupatisexisting fatigue cracks of a pre-
established length were repaired with two diffetgpes of CFRP overlays. The first type of
overlay was prefabricated using pre-impregnateer fiiiies while the second was sprayed
directly on the specimens using a chopped-fibeaysgr Because the composite overly reduces
the stress demand at the area vulnerable to fatigoege, this technique has the advantage that

it can be used in combination with small-diametack-stop holes avoiding excessive



weakening of the cross section. The experimettalysshowed that this repair technique was
highly effective in preventive further damage te #pecimens, reducing the rate of crack growth
to negligible values.

The third paper is intended to summarize the vargmulation techniques employed in
the first two studies, and also to document thegss followed in evaluating various retrofit
measures on the basis of those simulation techsiqibis is a topic of particular importance
given the significant cost associated with physstadulations. The development of reliable
simulation techniques to evaluate the potentiafdtgue damage in uncracked and cracked steel
members is essential for quantifying the poteritielamage and for vetting repair techniques so

that experimental work can focus on the most primgigepair techniques.

Comparison between the behavior of test subassembly and a bridge structure

Given potential interactions between primary armbedary stresses, it is clearly
preferable to test a complete bridge systems idsitaubassemblies. The main advantage of
testing subassemblies is that a testing progranibeanducted for a fraction of the cost of
testing a single bridge system. Because the foteshinique was employed in this study, a
comparison was carried out between results frorh-regolution computer simulations of the
subassemblies and from complete bridge systems.cbmparison provided a reference about
the similarities and differences between the tWo.analytical study on distortion-induced
fatigue in steel bridges, comprising more than 10@B-resolution simulations of bridge
systems with similar girder dimensions as thosel irs¢he subassemblies evaluated in this
study, was carried out by Hassel (2011). FE sitmraesults, illustrated in Figs. 1 through 5,

show that the distribution of stresses in the wab iggion of the subassemblies was similar to



that in the web gap region of the two-span contisumodel bridge employed by Hassel. In
both instances the main areas of vulnerability veg¢rde weld between the connection plate and

the girder web, and at the weld between the welkttamélange.

Figure 1-1:

Bottom view of bridge model from simulation (Hassdl, 2011)
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Figure 1-2: Deflected shape of the bridge model under truck load (Hassdl, 2011)
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Figure 1-3: Deflected shape of bridge section in aregion of positive moment (Hassel, 2011)
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Figure 1-4: Close-up showing stremand theweb gap egion of the deflected girder (Hassdl,

2011)
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Figure 1-5: Detailed view of the stress demand at the web gap region of the an external bridge

girder (Hassel, 2011)



CHAPTER 2. REPAIR OF DISTORTION INDUCED-FATIGUE CRACKS IN STEEL BRIDGE

GIRDERS

Abstract

Several studies have identified distortion-indufsjue as the leading cause of cracks in
steel bridges built prior to the mid 1980s. Expental and computer simulations of a 914-mm
(36-in.) deep girder-cross frame subassembly stégjeo cyclic loading were carried out to
study the effects of distortion-induced fatigue émévaluate the effectiveness of various
retrofits. Previous repair methods for distortinoduced fatigue damage have attempted to
increase the flexibility of the web-gap region oréstrain the lateral motion by fixing the
connection plate to the top flange. A new approaahk investigated in this study based on
reducing the web gap stress demand by re-distnigutie force at the girder-cross frame
connection over a larger area.

A new retrofit detail is proposed based on thisrapph, which consists of adding steel
angles connecting the girder web and the conneplete, and a steel bar on the back side of the
girder web to distribute the lateral force overidev region of the web. Experimental and
computer simulation results are presented shoviiagthis repair method is very effective in
preventing the growth of horseshoe-shaped crackshdrthe web-cross frame connection and of

horizontal cracks near the junction between thegéaand web.

Introduction and background

Fatigue cracks in steel girders are frequently ébdaring inspections of older bridge
structures (Lindberg and Schultz, 2007). Theseksrgenerally initiate in areas of a bridge that

8



contain large stress concentrations induced by g&andiscontinuities. A national survey on
the types of fatigue cracks observed in steel bsdgas performed as part of a study on
distortion-induced fatigue sponsored by the Mintefepartment of Transportation (Mn/DOT)
(Lindberg and Schultz, 2007). In response to t@ey, DOT engineers from various states
reported 11 different types of commonly observedie cracks. One of the most frequently
reported areas exhibiting fatigue damage were ‘m@Be stiffener web gaps in positive and
negative moment regions of girders (Keating, 1998iis is consistent with a study by (Roddis
and Zhao, 2001) which states that out-of-planeodisin was one of the main reasons for fatigue
cracks in nationwide bridges. Roddis and Zhaop{2Qlso stated that the positive moment
region is more vulnerable to fatigue cracks thamrtegative moment region Roddis and Zhao,
(2001). Deformations induced by out-of-plane diste are illustrated in Figure 2-1. When
adjacent girders experience different vertical el#ibns due to passing traffic, transverse
stiffeners can cause out-of- plane distortion om givder web. Out-of-plane distortion of the
web gap region and the high localized deformatmassed by it induce large stress demands in
the web and the connection welds, which dramaiccrease the fatigue life of bridges (Jajich

and Schultz, 2003).

|:T| _§:::j
Lo

Top
F]ange \
| !
Web Gap i

Distortion

Girder
Web

(SR T N &

Figure2-1: Out of planedistortion in bridge girder



A web gap region is created when a connection jdatkpped at the top or bottom,
leaving a gap between the edge of the connectate phd the unconnected girder flange (Fig.
2-1). This type of connection detail was widelgd$n the United States before the mid 1980s.
The connection detail was implemented in this mabeeause it is very difficult to achieve a
good quality weld at the intersection of the wel #ange (Castiglioni et al., 1988), and because
of fears that welding the connection plate to theston flange would lead to fatigue damage in
the flange similar to that observed in Europeadd®es early in the last century (Roddis and
Zhao, 2001). Roddis and Zhao (2001) indicateith@s common practice not to weld
connection plates to the compression flange alswoad the introduction of AASHTO fatigue
category E connection details.

Retrofit techniques documented in the literatuterapt to reduce the high localized
stress demand by making the plate-to-web connentane flexible or by adding connectivity
and increasing the stiffness. The flexibility bétweb gap region can be increased through
several alternatives, including the introductioracflot at the edge of the connection plate,
cropping the stiffener, and removing diaphragmglding connectivity to increase the stiffness
of the connection is commonly implemented by weddin bolting angles to the flange.
Performing this type of repair often requires realaf the concrete deck (Keating and Fisher,
1987; Fisher, 1990; Cousins and Stallings, 1998xtess the top flange. The drilling of crack-
stop holes is the most commonly applied retroBtdssed in the literature, and can be used in

combination with the retrofits listed previously.

10



Objective and scope

The main objective of this study was to investigajgair methods for distortion-induced
fatigue cracks in the web gap region of bridge gisd The study included a suite of Finite
Element (FE) analyses to investigate the effestapious retrofit measures and crack geometries
on the stress distribution in the web gap regidine performance of two repair methods was
investigated experimentally: 1) drilling of cracteg holes and 2) providing connectivity by
attaching angles to the connection plate and tteeegiweb, and bolting the angles to a steel bar

on the opposing side of the girder web (referredstangles with plate repair).

Computer simulations

The computer models were created to resemble aslglas possible the girder-cross
frame subassemblies that were tested (Fig. 2-Bmpliter simulations of a full bridge with
similar girder dimensions carried out for a difierstudy (Hassel, 2011) showed good
agreement between the stress fields computed ateheyap region of the model bridge and
those computed for the specimens evaluated irsthdy. The dimensions of the specimens and
the measured material properties are describdteiexperimental program section. Linear-
elastic FE models were created using 8-node bteskents, each with 24 degrees of freedom.
The number of elements ranged from 1 to 2 millaepending on the retrofit measure that was
modeled. An 813-mm (32-in.) wide strip with awedd mesh size was defined in the girder
web, centered on the cross-frame connection @penning from the bottom to the top flange.
The size of the elements in this strip was set@as3(0.10 in) to improve the accuracy of the

calculated stress field in this region. A 76-n8+r(.) wide vertical strip of tetrahedral elements
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was used to transition from the fine mesh to a H04®.38-in.) coarser mesh used to model the

web of the girder in locations away from the crivame.

=

Figure-2Defor med configuration of girder specimen: a) aerial view b) center cut

The connection plate was partitioned to allow farying element types and mesh sizes
around the bolt holes and the 32-mm (1.25-in.)pdpends. A swept hexagonal mesh with 5-
mm (0.19-in.) elements was used around the bo#shahd tetrahedral elements were used on the
clipped ends. Everywhere else in the connectiatepb-mm (0.2-in.) hexagonal elements were
used. A similar meshing technique was used to htbdeend stiffeners. The hexagonal element
size used away from the clipped edges was 8 mmr((.3

All four web-to flange fillet welds which were 5 m{&/16 in.) were modeled with a
triangular cross section using structured hexageleahents. All five web-to-connection plate
fillet welds were also modeled with a triangulasss section but in this case using tetrahedral
elements. The fillet welds were placed all arothelconnection plate, including the top and the
bottom. All welds had a maximum element size afr@ (0.1 in.). The modulus of elasticity of
the A36 grade steel members was defined as 20QZ2F@00 ksi) and Poisson’s ratio was

defined as 0.3.
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The steel girder was connected to the reaction thbthe laboratory through a series of
channels so that the flange would be restrainad fyat-of-plane motion in the same manner
that the axial stiffness of the concrete deck a@s$rthe out-of-plane motion of a girder in an
actual bridge. The concrete floor was simulatethexcomputer model as an elastic material
with a modulus of elasticity of 27,780 MPa (4,030 kand Poisson’s ratio equal to 0.2. The
concrete mesh consisted of 102-mm (4-in.) bricknelets with 16 nodes. Analyses were
performed in which the tension force in the boleswgimulated explicitly, but it was found that
the computed stress fields at the web gap regioe wery similar to those obtained with models
in which the bolt force was neglected and the botige connected to the steel members with tie
constraints, with the latter requiring a much lowemputational cost. For the same reason,
connections between the channels and the bottargdlaf the girder were simulated using tie
constraints.

The model was loaded with a single 22,240 N (5 fope, applied to a WT section that
was used to connect the cross braces to the actudtee bottom of the concrete block below
the specimen was modeled as fully fixed, and s@Wweth ends of a channel connecting the two
end angles to the reaction frame (Fig. 2-3). THegd#aftion connected to the actuator was
restrained from moving along the direction paralethe longitudinal axis of the girder. Figures

2-3 and 2-4 show the girder specimen and the axjeatal setup.
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Figure 2-4: Girder specimen a) plan b) elevation c) section

Computed stresses from models with different rétméasures were compared using the

hot spot stress (HSS) technique. The HSS techmigseadopted to obtain a more reliable
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measure of demand in areas of the web gap regienevthere were large stress gradients, such
as near welded or bearing connections. Maximuncjgal stresses were used as a measure of
vulnerability to fatigue damage because areas th#Hargest maximum principal stress
demands in the model correlated well with locatiaese cracks formed in the specimens (Fig.

2-5).

S, Max. Principal S, Max. Principal
(Avg: 75%) (Avg: 75%)
+1.596e+02 +9.700e+01
- +1.500e+02 +8.500e+01
+1.375e+02 +7.792e+01
+1.250e+02 +7.083e+01
- +1.125e+02 +6.375e+01

- +5.000e+01
+3.750e+01
+2.500e+01 +1.417e+01
+1.250e+01 +7.083e+00
+0.000e+00 +0.000e+00

-1.904e+01 a) SpeCImen 1 -1.047e+01 b) SpeC”’ner

+2.833e+01
+2.125e+01

- +1.000e+02 +5.667e+01
+8.750e+01 +4.958e+01
+7.500e+01 +4.250e+01
+6.250e+01 - +3.542e+01

Ll .

Figure 2-5: Observed crack patternssuperimposed on the results from the smulation modelsfor

web gap regions of specimens 1 and 2.

In accordance with the definition of HSS used is gtudy, paths for sampling the stresses
were defined at a distance of 5 mm (0.19 in.) afsay the weld, equivalent to half the
thickness of the web (10 mrfig in.) (Fig. 2-6). HSS sampling paths were definaty at
locations where cracks were observed in the spedmBlSS Path #1 Bottom was defined as a
horseshoe-shaped path in the bottom web gap clutbhessembly. HSS Path #2 Bottom was
defined as a horizontal path above the crack tiratéd in the web-to-flange weld in the bottom
web gap of the subassembly. Similar paths weriaeldfind sampled in the top web gap of the
subassembly when cracks were observed in the expeti The J-Integral and stress intensity
factors (SIF) at the tip of simulated cracks wesmputed as a measure of propensity for crack
growth. A total of 5 contours were evaluated i@ tlalculations, at points evenly spaced through

the thickness of the web.
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Figure 2-6: Pre-defined pathsfor sampling of stress demandsin the various FE models.

Crack stop Holes

Crack-stop holes were placed in the FE modelsarséime locations that they were drilled
in the specimen. The location of the crack stdp$ shown in Figure 2-15. Holes were
placed at the tips of the 102-mm (4-in.) horsesiraek and the 203-mm (8-in.) horizontal crack
in the bottom web gap of the subassembly. Holeg aiso drilled at the tips of the cracks in the
top web gap of the subassembly. The diametereofittes was 19 mm (0.75 in.). Not all holes
shown in Fig. 2-7b are crack-stop holes. Fouheftioles were used to attach angles to the web.
Figure 2-7 shows the computed stress fields withvaithout crack-stop holes. The comparison
shows that the stress demands were virtually timeesa

The HSS sampling paths in the model with crack sps were defined at a distance of
half the thickness of the web away from the welsdonection plate weld. Simulations were
performed to establish a comparison between artrofiteed model with two cracks in the
bottom web gap region and a model with the samekgrattern but with crack-stop holes (Fig.

2-7). The maximum HSS value at Path#1 decreas@dW%ywith the drilling of the crack stop
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holes, while the maximum HSS along Path #2 dectelgd 6%. The stress fields presented in
Fig. 2-7 show that the drilling of crack-stop hotkd not significantly reduce the stress demand,

and that the reduction was not likely sufficienptevent the existing cracks from propagating.

S, Max. Principal
(Avg: 75%)
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+6.667e+00
+3.333e+00

| +0.000e+00
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Figure2-7: Stressfield comparison a) No retrofit b) Crack stop holeretr ofit

Angles-with-plate repair

This repair was developed based on experimentareatons from simple three-point
bending specimens with welded connections repawtdcomposite overlays. Test results
showed that providing an alternate load path ardgbedveld was a highly effective method to
reduce the stress demand at the weld which lecheghligible rate of crack growth (Alemdar et
al., 2011). Although the shape of the three-pbending specimens was different, there was a
strong similarity in that computer and experimestalulations showed that horseshoe cracks
originated near the weld between the connectiote glad the web. Computer simulations in
which the connection plate-to-web connection wasaired with composite materials were
evaluated as part of this study, and this methoseat to be highly effective. A simpler solution

in terms of fabrication and installation in theldiewhich constitutes the focus of this study, was
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also explored by using steel angles instead of csitgoblocks to reduce the stress demand at
the welded connection.

The configuration of this retrofit measure is shawifrig. 2-7a, Fig. 2-13 and Fig. 2-14.
Parametric analyses of the angles-with-plate netmeéasure were performed to determine the
optimal back plate and angle dimensions. The fiiasametric study involved varying the angle
and back plate thicknesses, while the other dino@ssivere kept constant. The crack pattern in
the model was the same used to evaluate the penfaarof the crack-stop hole retrofit, with a
102-mm (4-in.) tall horseshoe crack and a 203-mimn.(8horizontal crack in the bottom web
gap of the subassembly. The horseshoe-shapedfotkmiked the toe of the CP-to-web fillet
weld, while the horizontal crack was placed aldmgweb-to-bottom flange weld. The back
cover plate and angle thicknesses evaluated wena §/4 in.), 13 mm ¥/, in.), and 25 mm (1
in.). Computed stress demands are summarizedale Pa2. All values in Table 2-2 correspond
to reductions in the calculated elastic stress delmath respect to the unretrofitted
configuration ranging from 93 to 98%, which cleashyows that this retrofit significantly
reduced the computed stress demand in the bottdngagregion. Although variations in the
stress demands were found to be small, some toamdse discerned that are helpful in choosing
an optimum configuration for the retrofit measure.

The stress demands in Table 2-2 show that foragk Iplate configurations, increasing
the thickness of the angles led to a reductiohénpeak stress demand at the path near the
horseshoe crack. Increasing the stiffness of ok plate also led to a reduction in the peak
stress at the path near the horseshoe crack. fiut @ element stiffness on the peak stress
demand at the path near the horizontal crack waspposite. Increasing back plate and angle

stiffness led to increases in stress demand, Wélekception of the configuration with the most
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flexible back plate, for which the stress demandsawcomparable for the stiff and flexible angle
configurations. When the peak demand at the twiasga averaged, the configurations with the
lowest stress demands are those with the thickest plate (42 MPa, 6 ksi), with the lowest
among those being the configuration with the thitkangles. Configurations with the highest
average stress demand were those with the thibaektplate (52 MPa, 7 ksi), with the highest
among those being the configuration with the thétqate and the thinnest angles (62 MPa, 9
ksi). These results suggest that because theesd#fof the retrofit elements (angles and back
plate) had a greater effect on the stress demaanrdime horseshoe crack than on the stress near
the horizontal crack, stiffer configurations weregneffective. However, it is noted that stiffer
configurations resulted in slightly higher stressnénds at the path near the horizontal crack.
While stress demands near the horseshoe crackinversely proportional to the stiffness of the
retrofit elements, the relationship was much mammlex for the case of the horizontal crack.
In general, configurations with intermediate battes had lower stress demands, with the
lowest demand being obtained for a combinatiomt#rmediate angle and thinnest back plate.
In general, the parametric study showed that irstngahe stiffness of the retrofit
elements reduced the fraction of the connectioceftweing transmitted through the connection
plate (CP)-to-web fillet weld, which caused an @asge in the stress demand at the web-to-flange
weld. More flexible retrofit elements made theoét measure less effective for the crack at the
CP-to-web and more effective for the crack at tledo-flange weld. It is important to
emphasize that although the stiffness of the aragidsthe plate did have an effect on the
calculated stress demand, this effect was relgtssglall, and in all instances the calculated

stress demands were much lower than the valueswtethfor the unretrofitted configuration.
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A second parametric study was performed in whiehatingle and back plate thickness
were kept constant at 13 mi(in.), while the length of the back plate was clehgThe length
of the back plate was set to 305, 457, 610, andh@h4(12, 18, 24, and 36 in.). The results are
also summarized in Table 2-2. Again the resulteeweentradictory in terms of the effect of the
retrofit measure on the stress demand near theraaks. While increasing the length of the
back plate had the effect of reducing the pealsstdemand near the CP-to-web weld, it
increased the peak stress demand at the web-tgeflaald. Of the two critical locations, the
length of the back plate had the largest effedherstress demand near the web-to-flange weld.
If the average peak stress is used as a measdesnaind, configurations with 305- and 457-mm
(12- and 18-in.) plate lengths had the lowest defmnawith very similar averages of 54 MPa and
53 MPa (8 and 7 ksi), respectively.

Table 2-1: Maximum HSSfor retrofitted model with 2 cracksin the bottom web-gap region.

Parametric studies 1 and 2.

Desi . Plate Length, Plate Angle Thickness, HSS Path #1 HsizPath
esignation mm (in) Thlckn.ess, mm (in) Bottom,. Bottom,
mm (in) MPa (ksi) MPa (ksi)
SA-sBP18 457 (18) 25 (1) 25 (1) 23 (3.4) 58 (8.3)
mA-sBP18 457 (18) 25 (1) 13/p) 30 (4.3) 55 (8.0)
fA-sBP18 457 (18) 25 (1) 6/¢) 30 (4.4) 54 (7.9)
sA-mBP18 457 (18) 13'%) 25 (1) 39 (5.6) 55 (7.9)
mA-mBP18 457 (18) 13'%) 13 (1)) 60 (8.6) 45 (6.5)
fA-mBP18 457 (18) 13'%) 6 () 51 (7.4) 47 (6.9)
sA-fBP18 457 (18) 6'() 25 (1) 41 (5.9) 52 (7.6)
mA-fBP18 457 (18) 6'(,) 13 {1,) 51 (7.3) 43 (6.2)
fA-fBP18 457 (18) 6'() 6 () 68 (9.8) 55 (8.0)
mA-mBP12 305 (12) 13'%) 13 (1)) 59 (8.5) 49 (7.1)
mA-mBP18 457 (18) 13'%) 13 (1)) 60 (8.6) 45 (6.5)
mA-mBP24 610 (24) 13'%) 13 (1)) 56 (8.2) 74 (10.7)
mA-mBP36 914 (36) 13'%) 13 (1)) 45 (6.5) 77 (11.2)
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A third parametric study was conducted to evaltifageeffect of crack length on the
likelihood of fatigue damage for the angles-witlatplretrofit measure. Hot spot stress (HSS)
values were extracted from analyses of models vétking lengths of the horseshoe-shaped and
horizontal cracks. Configurations evaluated haéshoe-shaped and horizontal crack lengths
of 0.5and 0.5in., 1 and 1 in., and 4 and 8 espectively. The last crack configuration, with
lengths of 4 and 8 in., corresponded to the obskecwa&ck configuration at the end of the first
trial for specimen 2 (Table 2-3, Fig. 2-13a), arabwhe same crack configuration used in the
first and second parametric studies. All models th@ angles-with-plate retrofit measure
implemented with angle and cover plate thicknes$&smm {/4in.), 13 mmt/zin.), and 25
mm (1 in.) evaluated for each crack configuratitmall the models of the third parametric study
the length of the back plate was 457 mm (18 i@dmpanion models with the angle-with-plates
retrofit measure but without cracks were also aredyto provide a basis for comparison.

The peak HSS exhibited different trends with resp@crack length along Path #1
(horseshoe-shaped crack) than it did along Pathat2zontal crack). For HSS Path #1
(horseshoe-shaped crack) configurations with tloikéist angles and/or back plate (stiff
configurations, Fig. 2-9a) the maximum stress dehtamresponded to the retrofitted specimen
without cracks (shown in the graphs in Fig. 2-2@® length). The peak HSS decreased with
increasing crack length, stabilizing at approxirha#% of the peak demand computed with the
unretrofitted model. The crack length at which pleak stress demand stabilized was lowest for
the model with the stiffest angles. For the agmfation with the thinnest angles (flexible
configuration, Fig 9b) and back plate the HSS valdecreased with crack length for very short
lengths, approximately less than 12 mm (0.5 iRQr crack lengths longer than 12 mm (0.5 in.)

the peak stress demand increased with crack léagthe configurations with the two thinnest
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angles. These results showed that the best aitegria reduce the stress demand near the
horseshoe-shaped crack was to use the stiffest anglbackplate combination, and that the

effectiveness of the retrofit measure was neadgpendent of crack length.
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Table 2-2: Maximum HSSfor retrofitted mode in the bottom web-gap region. Parametric study 3.

Plate Angle
Designation Thickr_less, ThicI?ness, Hlaﬁ:g(t;)#l HﬁﬁaP?kt;)#z
mm (in.) mm (in.)

sA-sBP18 25.4 (1) 25.4 (1) 60.0 (8.7) 102.0 (14.8)
mA-sBP18 25.4 (1) 12.7 (0.5) 65.0 9.4 103.9 15.1
fA-sBP18 25.4 (1) 6.35 (0.25 67.8 9.8 103.0 14.9 "
sA-mBP18 12.7 (0.5) 25.4 (1) 73.1 10.6 106.2 15.4 ‘é
mA-mBP18 |  12.7 (0.5) 12.7 (0.5) 86.2 12.5 111.1 16.1 G
fA-mBP18 12.7 (0.5) | 6.35(0.25 95.5 13.9 110.5 16.0 2
sA-fBP18 6.35 (0.25) 25.4 (1) 81.7 11.8 107.4 15.6
mA-fBP18 6.35 (0.25) 12.7 (0.5) 99.7 14.5 114.4 16.6
fA-fBP18 6.35(0.25) | 6.35(0.25) 115.8 16.4 127.0 18.4 o
sA-sBP18 25.4 (1) 25.4 (1) 487 | 7.1 115.0 16.7 .8
mA-sBP18 25.4 (1) 12.7 (0.5) 54.5 7.9 117.6 17.1 § %
fA-sBP18 25.4 (1) 6.35 (0.25 66.7 9.7 116.8 169 g §
sA-mBP18 12.7 (0.5) 25.4 (1) 58.0 8.4 116.5 16.9 § 5
mA-mBP18 12.7 (0.5) 12.7 (0.5) 68.8 10.0 123.6 17.9 g 2
fA-mBP18 12.7 (0.5) | 6.35(0.25 94.6 13.7 124.4 180 <4
sA-fBP18 6.35 (0.25) 25.4 (1) 60.2 8.7 115.6 16.8 UE, e
mA-fBP18 | 6.35 (0.25) 12.7 (0.5) 72.2 10.5 125.6 183 ©
fA-fBP18 6.35 (0.25) 6.35 (0.25 94.2 13.7 138.1 20.(
sA-sBP18 25.4 (1) 25.4 (1) 428 | 6.2 127.2 18.5 <o
mA-sBP18 25.4 (1) 12.7 (0.5) 48.8 7.1 129.5 188 S
fA-sBP18 25.4 (1) 6.35 (0.25 59.1 8.6 127.5 185 g ic;
sA-mBP18 12.7 (0.5) 25.4 (1) 53.1 7.7 128.5 18.6 § |5
mA-mBP18 | 12.7 (0.5) 12.7 (0.5) 67.0 9.7 135.0 199 2 g
fA-mBP18 12.7 (0.5) 6.35 (0.25 82.6 12.0 133.4 193 <<
sA-fBP18 6.35 (0.25) 25.4 (1) 57.8 8.4 126.4 18.3 § g
mA-fBP18 | 6.35 (0.25) 12.7 (0.5) 71.1 10.3 134.9 19.6
fA-fBP18 6.35 (0.25) 6.35 (0.25 91.4 13.3 137.7 20.(
sA-sBP18 25.4 (1) 25.4 (1) 38.0 | 55 60.7 8.8 <o
mA-sBP18 25.4 (1) 12.7 (0.5) 48.3 7.0 54.2 7.9 g 8
fA-sBP18 25.4 (1) 6.35 (0.25 49.2 7.1 52.2 7.6 @ T‘;
sA-mBP18 12.7 (0.5) 25.4 (1) 56.4 8.2 53.5 7.8 @ |5
mA-mBP18 | 12.7 (0.5) 12.7 (0.5) 76.1 11.0 64.4 9.3 2 g
fA-mBP18 12.7 (0.5) | 6.35(0.25 96.6 14.0 91.0 13.2 <<
sA-fBP18 6.35 (0.25) 25.4 (1) 53.7 7.8 50.2 7.3 § g
mA-fBP18 | 6.35(0.25) | 12.7(0.5) 77.2 11.2 69.5 109 Y
fA-fBP18 6.35 (0.25) 6.35 (0.25 119.7 17.4 109.2 15.8
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For HSS Path #2 (horizontal crack near the webaioge weld), all combinations of
angle and plate thicknesses followed a trend diffefrom that observed for HSS Path #1. For
short crack lengths, between 0 and 25 mm (1 ime) peak stress demand increased with crack
length. For crack lengths larger than that, peS8Shalues decreased with increasing crack
length, with the magnitude of the decaying slopadpa function of the stiffness of the retrofit
components. For retrofit configurations with theckest back plate or the thickest angle (Fig. 2-
7a), the reduction in stress demand with respeatatck length was nearly the same regardless of
the stiffness of the other retrofit component. Fedrofit configurations with the thinnest back
plate or angle (Fig. 2-7b) the effect of the sefs of the other retrofit component was very
significant. The HSS values tended to divergevéoy long cracks with the stress demands
being significantly highest for the configuratioitiwthe thinnest angles and plate.

Similar trends were observed for computed J-Inlegies from contours surrounding
the tip of the horizontal crack, at the tensiorefat the web (Fig. 2-7c). Calculated J-Integral
values for retrofitted models with 0.5-in. crackd between those calculated for models with 1-
and 8-in. cracks, with the highest value correspantb the models with 1-in. cracks. This
trend was similar to that observed in Fig. 2-7a @ndor the HSS, and suggests that the potential
for crack growth increased with crack length fdatigely short cracks (less than 25 mm or 0.5
in. long). For longer cracks, the computed J-lrdbgalues suggest that the potential for crack
growth decreased with increasing crack length,vaasi lowest for the configuration with the
longest crack and thinnest angles and plate. Wassan important finding considering that the
angles-with-plate retrofit measure does not prowid direct connectivity between the

connection plate (CP) and the flange. The mawimyiforce for the horizontal crack (HSS Path
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#2) is induced by bending stresses in the vertizattion that are caused by the distortion of the
web gap region. The addition of the angles and p&ate in the web gap region drastically
reduces the distortion and consequently the disterhduced stresses in the vertical direction of
the web gap. The stiffness of the back plate tesula more uniform distribution of stresses
over a much larger region, which causes a drastication in the driving force in the horizontal
crack.

The results from the parametric study show thattfiectiveness of the angles-with-
plate retrofit measure quantified in terms of tH@SHand the J-Integral was not very sensitive to
crack length. Of the two types of crack studide, effectiveness of the retrofit measure was
most sensitive to crack length for the horizontak& near the web-to-flange weld. These results
indicate that this type of repair should be equeffgctive for cracks with various lengths, and

that the most effective configurations are likadybe those with very stiff elements.
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Figure 2-8: Peak demand at web gap region vs. crack length for retrofitted specimensa) HSS for
stiff back plate configurationsb) HSSfor flexible back plate configurations, ¢) J-Integral for

various back plate configurations.
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Figure 2-9: a) computed stresses without retrofit b) anlefetT(-)fit configuration c) omputed

stresseswith retrofit.

Experimental program

The goal of the experimental study was to confinefindings of the finite element
simulations by evaluating the fatigue-crack prop@agdife of steel girders repaired using two
different retrofit measures. The two retrofits lenaed experimentally in this study were crack
stop holes, and the angles-with-plate repair.

In the web gap region of an existing bridge, theftange of a girder is restrained from
lateral motion by the bridge deck, while the bottibamge is free or nearly free to move in the
out-of-plane direction. In the laboratory, it ifidult to replicate the same boundary conditions
that exist in a bridge when performing a componestt The subassemblies evaluated in this
study were placed upside down (Fig. 2-3) meaniagttie unrestrained flange was at the top of
the subassembly. One of the effects of attactiagpecimen to the reaction floor in this
manner is that the bending stresses are elimirffiaigdthe girder web, leaving only the out-of-
plane demands imposed by the cross-frame. Constgube stress field imposed on the
specimens was more representative of the behaxp@céed near inflection points of bridges.
An experimental investigation with the combineceett of bending and out-of-plane stresses

using full bridge specimens is the subject of a gamon study.
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The web gap region of the girder subassembly waddld under a constant stress range
while the propagation of fatigue cracks was moeitior Given the characteristics of the stress
field at the web-gap region, experimental resultsvjoled insight about crack propagation
behavior under the combined effects of fracture @sddand 3 (opening and shear). The

experimental results also allowed for direct congmars between the two repair methods.

Specimen Dimensions

The girder subassemblies were built-up | shapeosecwith a height of 918 mm (36.13
in.). The thickness of the web was 10 nifgif.) and web height was 876 mm (34.5 in.). The
top and bottom flanges had a width of 279 mm (1)} and thicknesses were 25 mm (1.0 in.)
and 16 mm (0.63 in.), respectively. The connectsittifener (CS) in the middle of the girder was
attached to the web with a 5-mm (3/16 in.) welthe TS had a thickness of 10 mif {n.), a
width of 127 mm (5 in.), and a height of 873 mm.43ih.). The CS had a cropped end of 32
mm (1,4 in.). There was a 3-mm (1/8 in.) gap betweerGBeand bottom flange. At the top
of the girder, the CS was bearing against the énfade of the top flange, without any welded
connection. At each end of the girder, on botlesiof the web, stiffeners were welded to the
web and both flanges. The stiffener dimensiorte@aends of the girder were 10x876x127 mm
(/sx 34-% x 5in.). The girder subassembly was a#tddh the laboratory floor with C5x9
channels (Fig. 2-3). The channels were connectéaketgirder through fully-tightened 19-mm
(*/,-in.) diameter A325 structural bolts. The bottflamge was connected to the channels with
bolts at a spacing of 1 ft. A cross-frame conmgtie specimen to the actuator. The cross-
frame consisted of three L76x76x10-mm ( L3%g#n.) angles, with an X-shape configuration

and a horizontal member. The cross frame was obethéo a WT section used to stabilize the
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free end of the cross frame and to prevent warantgbending of the frame while loading the

specimen.

Material properties
All the plates used to fabricate the built-up sactivere grade A36 steel. Coupons were
taken from the web, flange and stiffeners aftert#is¢ was concluded, and measured yield

strengths will be summarized in the table.

I nstrumentation

The specimens were instrumented with linear vagidifferential transformers (LVDTS)
and with strain gages, in locations shown in Figi#k). Two strain gages were located behind
the connection plate at the top and bottom of teb (Gages 5-7). Another two were located on
the right side of the connection plate (Gages &&). 2-10). The stress range was defined on
the basis of the readings from strain gage 4, &aca? mm (0.65 in.) to the right of the CS. This
location was selected because the computer simmotashowed that the stress field was nearly
constant in this region and the stress was coreiderbe representative of the bending stress
induced by the out-of-plane motion in the web g@he measured stress range under the applied
load recorded by gage 4 was 196 MPa (28.5 ksi).

The LVDTs were placed to measure the out-of-plaafeedtions at three different
locations on the center line of the girder. ThstfLVDT was placed at the top flange, the
second at the midsection of the web, and the thinettly behind the bottom end of the CS.
Good agreement was found between the deflectecsltapputed in the simulations and the
experimental measurements (Fig. 2-11). As showkign2-11, the computed deflections for the

nominal force range were lower in magnitude thasémeasured, but when scaled to match the
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measured deflection range at the top of the gitteslope of the deflected shape at the center of

the girder matched the measured deflected shapechesely.
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Figure 2-10: Instrumentations on 9-ft girder specimen.
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Figure 2-11: Comparison between LVDT readings and computed defor mations
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Figure 2-12 shows a comparison between strain gggings and simulation results.

The computed strains shown in the figure repreaesatage values over the area occupied by the

gages. The gage readings were slightly higher tthesimulation values, which is consistent

with the results for the deflected shapes.

30



(kN)

0.0 5.0 10.0 15.0 20.0 25.0
0.0014 - ' ' : '
0.0012 +— /0
0.0010 — /.,
< 0.0008+— A
3 fgageﬁl- / /
= 1. /.
B 0.0006 ol
[0.7 in. E:’E’ ///
0.0004 o —e=—gage/-
==k== Simulatior
0.0002
0.0000
0.00 1.00 2.00 3.00 4.00 5.00 6.00
Load (kips)

Figure2-12: Strain gage readings compared with simulation model results.

Test Procedure

Specimens were sudgted to cyclic loading in distortion induced fa. The maximum

load applied was 20 kN (4.6 kip) and the minimuns\8& kN (0.8 kig. The tests wer

performed using two different actuators, and tlegdiency of loading was limited by t

capacity ofthe servovalve of the hydraulic actuator that wapleyec. The two loading rate

were 0.5 and 2 HzCrack growth was monitored periodici. Tests were stopped when a la

crack size was reached or when repaired specimeresamnsidered to have exded the

equivalent of infinite fatigue life without a meaable increase in the size of the fatigue cr

(Fig. 2-16). In this study infinite fatigue life of a repairedeximen was defined as the num

of cycles in the N curve of the AASHTO LRFD Bdge Design Specificatic(AASHTO,
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2007) corresponding to a Category A detail (apprately 1.2 million cycles) for the
experimentally measured stress range 197 MPa, K&88.5

The experimental program is summarized in Table 2380 specimens were evaluated
with several test trials per specimen. Specimbadla pre-drilled horizontal crack with a length
of 38 mm (1.5 in.) at a distance of 17 mm (0.65fiain the top of the bottom flange. Specimen
1 was subjected to cyclic loading to monitor thec&rprogression.

Table 2-3: Experimental Program

Specimen Test Trial | Configuration
1 1 Pre-Cracked, Unretrofitted
2 1 Un-cracked, Unretrofitted
2 2 Cracked, Angles with Plate Retrofit Bottom Web Gap
2 3 Cracked, Angles with Plate Retrofit Bottom and Mipb Gap
2 4 Cracked, Crack-Stop Hole Retrofit

Specimen 2 was first tested in the uncracked cardigpn. The first trial consisted of
loading the specimen while periodically monitorihg crack progression without any type of
retrofit measure. After significant damage hadnb&estained, a second test trial was conducted
in which the angles with plate retrofit measure wapglied to the bottom web gap while
monitoring crack growth periodically. During trialfor Specimen 2, a crack was observed at the
top web gap. A third test trial was conducted Hmck the specimen was repaired with the
angles with retrofit repair at the top and bottoetvgaps. A fourth trial was conducted in
Specimen 2 in which crack-stop holes were drilled the angles with plate repair was removed

to determine the number of cycles to crack reatitn under the same loading range.
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Retrofit Measures
As indicated, two different retrofit measures wevaluated experimentally. The first
was the angles-with-plate retrofit, and the seammtsisted of drilling crack-stop holes at the tips

of the cracks, a retrofit measure that is widelypkayed in steel bridges.

Angleswith Plate Retrofit Measure

The angles with plate retrofit measure was dewsdl the intention of reducing the
stress demand at the welded connection betweaddheection Plate (CP) and the web of the
girder, preventing further growth of horseshoe-globgracks around the CP. The back plate was
added with the goal of distributing the out-of-pdiorce transferred by the cross frame over a
larger area of the web, reducing the stress demttiet connection between the web and the
flange of the girder, preventing further growthtloé horizontal crack commonly found at that
location.

The angle and cover plate dimensions evaluatedriex@etally were L152x152x19-mm
(L6x6x°/4-in.) and 457x457x19-mm (18x8x-in.), respectively (Fig. 2-11). Angles were
connected to the web and the connection platetwibhbolts on each leg (Fig. 2-12). A 10-mm
(*/g-in.) thick shim plate was placed between the QiPtha angle to prevent any chamfering or
grinding of the edge of the angles. The anglesthadback plate were removed every 250,000

cycles to inspect the web gap region and measaok growth.
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Figure 2-13: Dimensions of angles and plate evaluated experimentally. a) side view, b) angle

dimensions, c) plate dimension

Figure 2-14: Angleretrofit with plate a) back plate, b) angles

Crack Stop Holes

Crack stop holes were selected to have a diamegsr mm (¥ in.), similar to the hole
size used for the angles with retrofit repair. sTthiameter was chosen given the severe level of
damage at the web-gap region when the holes waleddrDrilling holes with the same
diameter as those commonly drilled in bridge gisdender the circumstances would have
resulted in excessive weakening of the web gamnegiFurthermore, there are many situations

in which the constraints imposed by the geometmhefweb-cross frame connection or the
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location of the cracks present a similar problerarigineers in charge of repairing fatigue
damage.

The crack-stop holes were drilled so that the esfdke hole would coincide with the
corresponding crack tip. When two cracks were focinsely located to each other a single
crack stop hole was drilled to encompass both dipsk Crack stop holes were not drilled at
cracks that had stabilized in the unretrofited gpnition. The hole placement in the bottom
and top web gaps of specimen 2 are shown in Fidh.2As shown in Fig. 2-15 some cracks
intersected others; for example, horizontal crawkshe front and back of the web. In that case,
crack stop holes were placed on the longer cracttdlee smaller diameter holes were drilled at
the tips of the shorter cracks. The smaller hbsa diameter of 6 mn¥{in.). The diameter

of the crack stop holes was 21 miis in.) and they were drilled using a hole saw \gtfide.
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Figure 2-15: a) Crack stop holesin bottom web-gap region specimen 2, b) Crack progression at the

bottom web gap region of specimen 2, un-retrofitted, ¢) Crack stop holes at the top web gap region

Experimental results

As described in the experimental program sectitotad of five test trials were performed

on the beam subassemblies. Crack progressiohdararious test trial is summarized Table 2-3.
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Prior to loading Specimen 1 a 38-mm (1.5-in.) hamial crack was pre-cut in the web
gap region, between the edge of the connectioe jplad the flange weld. The main purpose of
the trial conducted with this specimen was to ewslihne evolution of the crack propagation
pattern and to provide data for calibrating the fRBdels. Test trial 1 was concluded after
740,000 cycles, and no retrofit measures were ateduin this specimen. The crack pattern,
shown in Fig. 2-5a, was similar to that found ire@men 2. A fatigue crack developed at the
toe of the CP-to-web fillet weld, similar to theack that developed at the fillet weld of
Specimen 2 (Fig. 2-5b, and 2-13b). Consistent withresults from the FE simulation (Fig. 2-
5a), the ends of the pre-cut horizontal crack g@mards the bottom flange.

Five different test trials were conducted usingc@pen 2. The first trial was without
any retrofit or pre-existing crack, and crack grewtas monitored for a total of 490,000 cycles.
The crack progression is illustrated in Fig. 2-13%% shown, the first crack in the specimen was
noted at 22,700 cycles, located at the toe of thklwn the bottom web gap region. Cracks
continued to grow as shown in Fig. 2-15b with aoselccrack developing at the web-to-flange
connection, in the horizontal direction. At thenclusion of the first trial the specimen had the
crack pattern shown in Fig. 2-15b with a few see@ypccracks radiating from the CP-to-web
weld in the horizontal direction. At 490,000 cylihe main crack along the CP-to-web weld
had a length of approximately 101 mm (4 in.) inleetical direction, while the horizontal crack
along the web-to-flange connection had a lengte0& mm (8 in.).

The remaining trials conducted with the second ispeic were carried out to evaluate the
performance of retrofit measures. During the sdctmal, which extended for a total of
1,225,860 cycles, two angles and a cover plate wsed to reinforce the bottom web gap region.

During this trial two new cracks initiated in theptweb gap region. At the end of the trial, an
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83-mm (3.25-in.) long horizontal crack had formedhe top web gap, following the tip of the
flange-to-web weld, and a 29-mm (1.13-in.) verticack had propagated down from the top of
the connection plate-to-web weld.

During the third trial, angles and a connectioriglaere attached to the top web gap
region. The specimen underwent a total of 1,25D¢8#les in this configuration. At the end of
the third trial the cracks in the bottom web gapilkited no additional crack growth, but the
horizontal crack at the top web gap region exterateddditional 25 mm (1 in.) and the vertical
crack gave rise to a secondary crack behind tfferstr. The orientation of the secondary crack
was almost horizontal and the length at the erttiefrial was approximately 51 mm (2 in.).

A fourth trial was carried out to evaluate the parfance of crack-stop holes compared
with that of the “angles and plate” repair. A taif10 holes with a diameter of 19 mi(n.)
and 4 holes with a diameter of 6 mif ¢in.) were drilled. At the end of this test triahich
lasted a total of 39,720 cycles, the bottom homsesiack to had grown an additional 70 mm
(2.75in.) and the bottom horizontal crack to edtan additional 13 mm (0.50 in.).

Experimental results from the various test trias @mpared on the basis of the AASTHO S-N

Curve in Figure 2-16.
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Figure 2-16: Experimental resultsfor specimen 2 trials.
Table 2-4: Crack growth
Crack Location and growth, mm (in.)
Specimen ) . Number
Trial Retrofit Measure / Observation of Cycles Bottom Bottom Top Top
Horizontal| Horseshog Horizontal| Horsesho)
1/1 No retrofit / Crack initiation 250,000 0 (0) 6 (0.3) 0 (0) 0 (0)
1/1 No Retrofit / Crack growth 740,000 6 (0.3) 25 (1) 0 (0) 0 (0)
2/1 No Retrofit / Crack initiation 24,460 0 (0) 6 (0.3) 0 (0) 0 (0)
2/1 No Retrofit / Crack growth 490,460 203 (8) 127 (5) 0 (0) 0 (0)
2/4 Crack Stop Holes / Crack growth| 39,720 13 (0.5) 70 (2.8 0 (0) 0 (0)
2/2 Angles Bottom / Crack growth | 1,225,860 0 (0) 0 (0) 57 (2.3) 25(1
2/3 Angles Bottom & Top / Crack growqh 1,250,740 0 (0) 0 (0) 25 (1) 0 (0)
2/5 Angles Bottom & Top / Crack growt|h 1,238,300 0 (0) 0 (0) 0 (0) 0 (0)
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Conclusions

The research study conducted showed that the angleglate repair was a very
effective method to reduce the fatigue crack pragiag rate in beams damaged by distortion-
induced fatigue. Computer simulations of girddrassemblies tested under fatigue loading
showed that areas in the web gap region of the heodiébiting the highest maximum principal
stress demands correlated closely with the locatidriatigue cracks observed in the
experiments. Both computer simulations and gitdsts showed that there were two primary
cracks that formed in the web gap region: a homsesihaped crack along the toe of the weld
between the CP and the girder web, and a horizordak along the toe of the weld between the
web and the flange of the girder. The performasfdevo different retrofit measures intended to
arrest the growth of these two fatigue cracks watuated experimentally.

The angles-with-plate retrofit measure was effectivpreventing the distortion of the
web gap region, drastically reducing the stressashels calculated at the critical points. Finite
element simulations showed that stress demandg atitical points of the web gap region
reinforced with the angles-with-plate repair weretloe order of 5% of those in the unreinforced
configuration. The manner in which fatigue crapkspagated during experimental simulations
of beam subassemblies was consistent with thetsefsai the computer simulations. Beams in
which the angle-with-plates retrofit measure waplémented experienced negligible crack
growth under the same load range that caused siatgyge damages to the web gap region of
unretrofitted specimens.

Crack-stop holes were effective in removing the'gltaack tips, preventing crack
growth in the specimens by the number of cyclesesponding to fatigue crack initiation.

Because crack stop holes had a negligible effethestress demand, and given the relatively
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small size of the holes evaluated, the number oiesyto crack reinitiation was comparable to
the number of cycles to fatigue crack initiatiorthe unretrofited configuration, and an order of
magnitude lower than the number of cycles imposethe retrofitted specimens without any
measurable crack growth.

The angles-with-plate retrofit measure developed stewn to be very effective, simple,
economical, and does not require any field weldmgch constitutes a great advantage in terms

of the reliability of the retrofit measure.

40



References

AASHTO, (2007). "AASHTO LRFD Bridge Design Spectitions (2007)." American
Association of State Highway and Transportationdzifs.

Alemdar, F., A. Matamoros, C. Bennett, R. Barraih@alez, and S.T. Rolfe. 2011. Use of CFRP
Overlays to Strengthen Welded Connections undégu&@toadingJournal of Bridge
Engineeringl:191.

Castiglioni, CA, JW Fisher, and BT Yen. 1988. Ewdion of fatigue cracking at cross
diaphragms of a multigirder steel briddeurnal of Constructional Steel Reseagch
(2):95-110.

Cousins, TE, and JM Stallings. 1998. Laboratory§ e Bolted Diaphragm-Girder
ConnectionsJournal of Bridge Engineering:56.

Fisher, JW. 199Mistortion-induced fatigue cracking in steel brigg&ransportation Research
Board.

Hassel, H.L. 2011. An Analytical Evaluation of [dion-Induced Fatigue in Steel Bridges.

Jajich, D, and AE Schultz. 2003. Measurement anaysis of Distortion-Induced Fatigue in
Multigirder Steel BridgesJournal of Bridge Engineering:84.

Keating, P.B. 1994. Focusing on fatig@vil Engineering—ASCE4 (11):54-57.

Keating, PB, and JW Fisher. 1987. Fatigue behafizariable loaded bridge details near the
fatigue limit. Transportation Research Recaftil18).

Lindberg, A., and A. Schultz. 2007. IncorporatidrFatigue Detail Classification of Steel
Bridges into the Minnesota Department of TranspiomeDatabase.

Roddis, K, and Y Zhao. 2001. Out-of-plane fatiguecking in welded steel bridgéa/elding
Innovations27 (2):2-7.

41



CHAPTER 3. USE OF CFRP OVERLAYS TO REPAIR FATIGUE DAMAGE IN STEEL PLATES

UNDER TENSION LOADING

Abstract

A total of 17 specimens with pre-existing fatigwaaks were tested under cyclic loading
to evaluate the performance of composite overldysnwsed to repair fatigue damage in steel
structures. Two control specimens were testedouitbverlays and the remaining 15 were
repaired with Carbon Fiber Reinforced Polymer (CyBFerlays of various thicknesses. In
some of the specimens, composite overlays werevetnor inspection and re-attached every
million cycles to track the propagation of fatigrracks in the steel. It was found that specimens
repaired with composite overlays had fatigue-crapagation lives exceeding 3 million cycles,
while the observed propagation life of untreateelcgpens was less than 60,000 cycles. Results
from a series of Finite Element (FE) Analyses shobttat the peak stress demand was reduced
by approximately 80% with the addition of compositerlays when compared with untreated
specimens, which is consistent with the observeahgé in fatigue-crack propagation rate

observed in the experiments.

Introduction and Background

A significant number of aging steel bridge struetiexperience structural problems due
to fatigue cracks. After fatigue cracks becomgdagnough to be detected, some repair measure
must be undertaken to prevent structural failurthefmember and potentially serious damage to

the bridge. Methods that have been used in thet@aspair fatigue cracks in metal structures
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include drilling of crack-stop holes, grinding aredwelding, ultrasonic impact treatment,
bolting, and the attachment of fiber reinforcedypoér (FRP) overlays. FRP overlays may be
used as a preventive measure to enhance the féfgyoéa bridge or as a repair method to
arrest cracks and prevent further crack growth.

This study investigates the use of carbon fiberfoeced polymer (CFRP) overlays to
repair fatigue cracks that have already been datecthe main advantage of CFRP overlays is
that, if proportioned and bonded properly to tleektthe stress demand in a vulnerable element
or connection can be reduced significantly, drafiifaeducing the rate of crack growth. One of
the most important concerns when implementingrépsir method is to achieve adequate bond
between the steel and the composite overlay. Mmidsiperfections in the layer of resin used to
attach the composite overlay to the underlying trezta lead to the formation and propagation
of fatigue cracks within the resin. Preventingitigation of fatigue cracks within the bond
layer is of paramount importance because thesé&sizn eventually cause debonding of the
overlay, rendering the repair ineffective.

A significant amount of research on the use of cositp materials to repair fatigue
cracks has been carried out in the field of aerseagineering to address fatigue problems in
the fuselages of airplanes (Mall and Conley 200@)amaheswar and Singh 1999); Schubbe
and Mall 1999); Naboulsi and Mall 1996); Lee ane [2004); Liu, Xiao, et al. 2009). The most
recent research performed on this topic in thespaee field has focused on the use of FRP
patches to repair fatigue damage in aluminum pldties Xiao, et al. 2009).

Bonding of CFRP patches to aluminum panels in tbeeenentioned studies is an
elaborate process. For example, in an experimstudy performed by Sabelkin et al, (2006), a

grit blast/silane (GBS) surface preparation tech@igyas used that involved grit blasting the
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aluminum surface, applying a hydrolyzed silane smhuthat was cured at 104 °C (219 °F) for
one hour after being applied, and later sprayeld avitorrosion inhibiting primer.

In general, researchers in the aerospace fielditfaduminum plates in terms of
thickness, with a thickness of 6 mi(n.) considered to be the threshold between thih a
thick plates (Sabelkin et al. 2006). A commonlgdiparameter for proportioning composite
patches for the purpose of repairing fatigue danmgee ratio of axial stiffness of the composite
patch to the axial stiffness of the plate (Sabe#tial. 2006). The ratio is defined as:

SF= Egre trrel Ests (3.1)
whereSFis the stiffness ratiderp is the modulus of elasticity of the FRPsp is the thickness
of the FRP patclEs is the modulus of the steel, afyds the thickness of the steel plate. Bie
parameter is used to determine the number of layeeded to repair fatigue damaged plates by
assuming that the driving force is redistributegiaportion to the relative axial stiffness of the
two materials. For aerospace structures the rewrded stiffness ratio is 1.0 (Schubbe et al.
2009). Schubbe et al. (1999) performed experinhéesés on aluminum plates that were
repaired with a bonded composite patch. They fabatlas the stiffness ratio of the repair to
plate increased, so did the fatigue life of boih #ind thick plates. Stiffness ratios of 1.0 ar®l 1
were evaluated in that study.

Studies evaluating the use of FRP patches forniegdatigue damage in the aerospace
field have generated very positive results. Anegxpental study by Mall and Conley (2009)
investigated the behavior of aluminum plates reitéd with unidirectional boron fibers. The
thickness of the aluminum plate was 6.35 minif.) and the thickness of the fiber patch was
1.14 mm (45 mils). The load ratidor the specimens was 0.1, and the maximum stvas240

MPa (39 ksi) in tension. Mall and Conley (2009hcloded that crack size played an important
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role on the fatigue-crack propagation life of spesns repaired with FRP patches, and they
found good agreement between the results fromeFEigment (FE) models and experimental
results. The authors reported that bonding an p&éh to only one side of the aluminum
specimen increased the fatigue-crack propagatiemtithe specimen between four and 10 times
with respect to the propagation life of the untegladpecimen. Wang et al. (2002) also found an
increase in fatigue-crack propagation life on theeo of 10 times in aluminum plates repaired
with FRP patches.

Several studies have investigated the use of catepmgerlays to repair fatigue-related
damage in steel structures. (Tavakkolizadeh aad@manesh 2003) studied the effectiveness
of CFRP sheets to improve the fatigue strengthesd gjirders. In this study, flanges of small I-
shaped steel beams (S3226x114 (S127x4.5)) wete cutate a notch crack. Unidirectional
CFRP sheets were bonded over the area of the anttthe beams were tested under various
stress ranges ranging from 138 MPa (20 ksi) toNdPa (50 ksi). Surface preparation of the
steel flanges consisted of sandblasting, washitig s@line solution, and rinsing. A total of six
specimens were repaired with CFRP sheets and teStieskerved crack growth rates for the
retrofitted beams ranged between 25% and 40% ajrtheth rate for unretrofitted beams. The
authors reported that the fatigue-crack propagadtierf the specimens with CFRP sheets was
extended by a factor of approximately three congpari¢h that of control specimens.

Liu, Al-Mahaidi, et al. (2009) studied the tenditigue behavior of notched steel plates
strengthened with single-ply CFRP patches. Orntbeparameters studied was the modulus of
elasticity of the carbon fiber used to manufactheeCFRP patch. One set of patches,
designated high modulus, had carbon fibers withodutus of elasticity of 640 GPa (93,000 ksi),

while the other set, designated normal modulus daablon fibers with a modulus of elasticity of
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240 GPa (35,000 ksi). Another parameter in thdystuas the area over which the CFRP
patches were attached. Various placements wedesditincluding attachment over the crack,
two separate attachment areas, either coveringtaravering the crack, and double or single-
sided attachment of the patch (the double sidedfatent consisted of bonding CFRP patches
to both sides of the specimen). Specimens witlblgesided patches were symmetric, which
prevented the introduction of any secondary steeassociated with the CFRP repair. The
authors reported that the single-sided repair eldérthe fatigue-crack propagation life of the
specimen by a factor ranging between 2.2 and Zhéreas the double sided repair extended the
fatigue-crack propagation life by a factor rangbegween 4.7 and 7.9. Roy et al. (2009)
performed a study using the same type of mateaiadisprocedure used by Liu et al. (2009), but
focused the study on the single sided repair becafithe inherent asymmetry. Roy et al.
(2009) reported that the fatigue-crack propagdiferwas increased by a factor of 2.2 compared
with that of the control specimens. Both Liu et(@D09) and Roy et al. (2009) showed similar
increases in fatigue-crack propagation life of lspdstes repaired with single-sided CFRP
patches.

Analytical modeling of CFRP repairs using the Fritlement method is also very
important to develop efficient retrofit schemes properly determine the effects of the repair
through use of computer models it is importantebree the materials properties of the specimen
as accurately as possible. Liu et al. (2009) azel and Lee (2004) developed analytical models
that included nonlinear material properties, armbreed that such level of refinement was
unnecessary if the steel plate thickness was gré®te 6 mmY¥,in.). Material nonlinearities
only played an important role when the thicknesthefsteel plate was less than 6 nifmif.),

due to the stress intensity factor.
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Several researchers (Liu, Xiao, et al. 2009); Lt lz2ee 2004) have shown good
agreement between the change in stress demandiestiosing FE models and experimentally
observed changes in fatigue-crack propagation lifEhe aforementioned researchers defined
the material properties in their FE models as lirgastic. One of the limitations of linear elasti
models is that although such models are capalpeowiding a good representation of the stress
field in most of the element being analyzed, limiteformation can be obtained about the
potential for debonding of the composite, which basn shown to be a critical mode of failure
in fatigue tests. In FE models that include alafeesin between the CFRP overlay and the
underlying metal, the potential for debonding carabsessed by comparing the stress demand in
the resin with a limiting value. The limiting ste for example, can be taken as a fraction of the
shear strength of the adhesive. This approacradagted in the FE simulations conducted in

this study.

Objective and Scope

The primary objective of the study described iis fper was to investigate the use of
composite materials to repair fatigue damage iel steuctures. Bonding of CFRP overlays was
performed using simpler techniques than those ittt aerospace field (Sabelkin et al., 2006),
so that repairs would be more representative okitie of work that can practically be
performed under field conditions on bridge struesur Experiments were conducted to evaluate
if fatigue-crack propagation under constant amgéttensile load was similar in steel specimens
repaired with two different types of composite dags adhered to the steel using different
bonding techniques, and to evaluate if the obsepesibrmance was similar to that reported in

previous studies on aluminum plates reinforced wathnposite patches. Additionally, the

47



thickness of the composite overlays was varieceterthine the effect of the axial stiffness
parameteSF on the effectiveness of CFRP overlays.

The study also comprised a suite of Finite Elensentlations to investigate the validity
of using the axial stiffness parame®#, frequently referenced in studies on aluminumgsato
estimate the reduction in stress demand. ThefRHlations were intended to evaluate the
correlation between fatigue-crack propagation ratescomputed values of Hot Spot Stress
(HSS). The use of HSS as a design parameter vedisad®d because it is a versatile parameter
that may be used for various types of geometridigorations, materials, and loading

conditions.
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Finite Element Simulations
Finite element simulations of the specimens tedtethg the experimental program (Fig.
3-1) were carried out using the commercially-avdda=inite Element analysis software

ABAQUS version 6.8.2 (Simulia, 2009).
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Figure 3-1 : Tension specimen: a) bare steel i@ with CFRP overlay attached c)

boundary and loading conditions imposed on the l68eh

The FE models were developed using linear elastienal models and meshes were
assembled using 8-node brick elements. The modileksticity for the steel, composite
overlay, and resin were selected as 200, 83, @d#&(29,000, 12,000, and 300 ksi),

respectively. The mesh density was defined suahelements would be 0.30 mm (0.01 in.)
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within a region 51 mm (2.0 in.) from the centeréhand 2.5 mm (0.1 in.) in all other parts of the
specimen. Interfaces between the steel and cotepuaits of the model were defined using tie
constraints. Motion was restrained at one enti®htodel while the other end was free to move
only in the vertical direction (Fig. 3-1c). Twortentrated loads were applied in the vertical
direction at the unrestrained end, one on eachdattee model. Fig. 3-2 shows maximum
principal stresses for models with and without CERErlays attached. These maximum
principal stresses were extracted along a pathrgjaat the center of the steel plate and ending at

the edge (Fig. 3-3) for comparison with other madsllts.

S, Max. Principal £ S, Max. Principal

(Avg: 75%) (Avg: 75%)

— +7.500e+01 - +7.500e+01
- +6.858e+01 - +6.858e+01
- +6.217e+01 +6.217e+01
- +5.575e+01 +5,575e+01
- +4.933e+01 +4.933e+01
- +4.292e+01 +4,292e+01
- +3.650e+01 y +3.650e+01
- +3.008e+01 - +3.008e+01
- +2.367e+01 . i~ +2.367e+01
- +1.725e+01 +1.725e+01
- +1.083e+01 ==- +1,083e+01
~ +4,417e+00 - +4,417e+00
L. -2.000e+00

—L -2.000e+00

a) b)
Figure3-2: Maximum principal stresses at the center of the specimen for the a) unreinfor ced

configuration, and b) reinforced configuration
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The path was defined through points located afrigethickness of the steel plate, along
the cross-section through the net section of thel stThe magnitude of the stress demand along
the path is shown for the unreinforced and CFRRfoeted conditions in Fig 3. A comparison
of the stresses presented in Fig 3 indicates énafiorcing the steel specimen with composite
overlays resulted in a reduction of the peak stdessand of approximately 80%.

Although maximum principal stresses shown in Fige8e extracted along the entire path
through the steel net section, further comparisegr® performed on the basis of the Hot Spot
Stress (HSS). In this paper, HSS was definedeastthss at a distance half the thickness of the
steel plate away from point of peak stress, whiotuared at the edge of the hole in this case

(Marquis and Kaehoenen 1995). Hot Spot Stresysisalvas used as an indicator of stress
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range, and consequently, as a measure of theie#eess of various composite overlay
configurations.

The suite of finite element simulations performedhis study were intended to
investigate the effects of four different parametem the fatigue performance of the retrofit
scheme: modulus of elasticity of the CFRP, thickrefgshe CFRP overlay, length of the CFRP
overlay, and thickness of the interface layer usdabnd the CFRP overlay to the steel. The

effect of the four parameters investigated is dised in the following.

Effect of the Modulus of Elagticity of the CFRP

Six different models were developed to investighteeffect of the modulus of elasticity
of the CFRP on stress demand imposed on the gteeihsen. Each of the models discussed in
this section had identical properties with the @tiom of the modulus of elasticity of the CFRP,
which was varied between 27 GPa (3,860 ksi) and@RB& (20,000 ksi), in increments of 28
GPa (4,000 ksi). Thickness of the composite oyen@as maintained as 6.4 miy(n.), the
length of the CFRP patch was maintained as 458 b&m(), and the thickness of the interface
layer was held at 0.6 mm (25 mils). The effec€&8RP modulus of elasticity on hot spot stress
in the steel specimen is shown in Fig 4. The poamtesponding to a modulus of elasticity of
zero represents results from the analysis of tkeispen without an overlay. As the results
show, the relationship between axial stiffneshef€FRP patch and HSS was parabolic in
nature, indicating that there was a significantsadage associated with using an overlay, even if
the modulus of elasticity of the composite matasiat relatively low. As Fig. 3-4 shows, HSS

dropped by 58% with the introduction of an ovendth a very low modulus (26,600 MPa,
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3,860 ksi) when compared with the unreinforced cdsereasing the modulus of elasticity of
the CFRP by a factor of five, from 26,000 MPa (8,88i) to 138,000 MPa (20,000 ksi), led to a
reduction in HSS by a factor of approximately thr@éis data shows that increasing the
modulus of elasticity of the CFRP material exhilitsinishing returns, which is important to
consider when determining optimal configuratiorthedf overlay. If infinite fatigue or
propagation life can be achieved with a relativeBxpensive overlay, there is no economic

incentive for using stiffer, and often much morgeensive, fibers.

(ksi)

0 5,000 10,000 15,000 20,000 25,000
. i 1 1 1 1 40
©
o 250
= ~ Unreinforced specimen model - 35
[9))]
9 200 30
S , , - 25
P —— CFRP - reinforced specimen model
¢ 150 =
@ - 20 X
@ 100 ~ - 15
T
o - 10
(&)
£ 50
a - 5
x
g 0 T T T 0

0 50,000 100,000 150,000

Modulus of Elasticity (MPa)

Figure 3-4 : Effect of the stiffness of the CFRP overlays on maximum principal Hot Spot Stressesin

the sted specimen

Effect of the Thickness of the CFRP Overlay
The effect of the CFRP overlay thickness on HSS evatuated using five different FE

models. In these models all parameters were kastant while the thickness of the CFRP
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overlay on each side was varied using values gf214 3.2, 6.4, and 12.7 mm (63, 94, 125, 250,
and 500 mils). For all models discussed in thadise, the modulus of elasticity of the overlay
was maintained at 83 GPa (12,000 ksi), the lenfitheodCFRP overlay was kept as 457 mm (18
in.), and the thickness of the interface resindayas held at 0.6 mm (25 mils). Results are
presented in Fig. 3-5. The relationship betweenGRRP overlay thickness and the maximum
principal HSS was found to be inversely propomilonSimilar to the behavior found when the
CFRP modulus of elasticity was varied, increasimgthickness of the overlay exhibited
diminishing returns, with the largest change in HBServed between the unreinforced case and

the case in which a 1.6-mm (63-mil) thick overlagswutilized.
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Figure3-5: Effect of the CFRP overlay thickness on maximum principal Hot Spot Stressesin the

steel specimen (update graph)
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Effect of the Length of the CFRP Overlay

Six different configurations were defined to invgate the effect of the length of the
CFRP overlay on the HSS along the critical patthensteel substrate. This effect was evaluated
in terms of the total length of the CFRP overlaithwhe overlay centered with respect to the
center of the hole of the steel specimen. A twiaix models were developed, with overlay
lengths varied from 152 mm (6 in.) to 457 mm (18,iwhich is a dimensional range equivalent
to 24-72 hole diameters. For all models, the masiof elasticity of the overlay was held at 83
GPa (12,000 ksi), the thickness of the CFRP ovestay maintained as 6.4 mii(in.), and the
thickness of the interface layer was kept as 0.6(8Bmils). The results, presented in Fig. 3-6,
show that there was a very small reduction in H5®e steel substrate when the CFRP overlay
length was changed from 152 mm (6 in.) to 203 mam (8 For overlay lengths greater than 203
mm (8 in.) the effect of the overlay length on nmastm principal HSS was found to be

negligible.
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Figure 3-6 : Effect of the CFRP overlay length on maximum principal Hot Spot Stressesin the stegl

specimen

Effect of Thickness of Bond Layer

One of the parameters often neglected in FE simoasdf retrofit measures with
composite overlays is the flexibility inherent teetadhesive resin used to bond the overlay to the
metal substrate. To achieve adequate bond, awésimemonstrated acceptable adherence to
steel must be employed. In most analyses fouriteititerature (Sabelkin et al. 2006); Liu,
Xiao, et al. 2009); Mall and Conley 2009), it was@amed that the thickness of such a layer was
very small, and that there was perfect bond betwleeicomposite and the substrate. Explicit
modeling of this layer provides an indication of tverage shear demand on the resin and the
tensile demand on the resin-steel interface, wbachbe used to gage the potential for

debonding. Because the shear and tensile demarttie ocesin are affected by the thickness of
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the resin layer, this is an important parameteiasider in terms of fatigue and fatigue crack
propagation life.

A total of five different models were defined to/@stigate the effect of the thickness of
the interface bond layer between the CFRP overaytlae steel substrate, with the interface
layer thickness ranging from 0.6 mm (20 mils) tm& (200 mils). For all models discussed in
this section, the modulus of elasticity of the dagmwas maintained as 83 GPa (12,000 ksi), the
thickness of the CFRP overlay was kept as 6.4 Mnin(), the length of the CFRP overlay was
held at 457 mm (18 in.), and the modulus of elagtaf the bond layer maintained as 2 GPa
(300 ksi). The analyses results presented inFigindicate that the maximum principal HSS
was not affected by the thickness of the resinrlagigggesting that an increase in the thickness

of the resin layer has a negligible effect on tfiectiveness of the retrofit measure.
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Although the FE analyses showed that the thickoe#®e resin layer had a negligible
effect on the HSS, another important design conaioim is the effect of the thickness of the
resin layer on the stress demand at the resin iesgdf. This is important because maintaining
bond between the composite and the steel is dritdae successful performance of the retrofit
scheme, and higher stress demands increase thabgitylof fatigue failure at the interface.

Fig. 3-8 shows the stress demand along the regen far a model with a layer thickness of 0.6
mm (20 mils). As Fig. 3-8 presents, the shearpe® stress (out of plane stress) demands are
relatively low along most of the interface. Strdssnands are greatest at both ends of the
interface, and this is the location consideredetahe most susceptible to fatigue failure.

Figure 3-9 presents the variation of peak sheampaetistresses as a function of the
thickness of the resin layer. The results showiti@easing the interface layer thickness from
0.6 mm (20 mils) to 5.0 mm (200 mils) caused a c&idu in peak shear demand by
approximately 66%. Figure 3-9 also presents timasame increase in the thickness of the
interface layer led to a reduction in peak peasstes by approximately 40%. The trend
observed for the peel stress was different frorhdbaerved for the shear stress in that the
lowest peel stress demand was observed when afaggghickness of 2.5 mm (100 mils) was
used, and any further increases in the thicknefiseahterface layer led to an increase in the
peel stress. Figures 3-7, 3-8, and 3-9 show thiab@adh the thickness of the interface layer may
not be relevant to fatigue-crack propagation lifie do the negligible effect on the stress range, it
is a very important parameter in terms of the bpadormance of the interface layer under
cyclic loading.

Results from the suite of FE analyses showed tztthe effect of the thickness of the

interface resin layer and the length of the CFR&lay on the maximum principal HSS were
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much less significant than the effects of the theds of the overlay and the modulus of elasticity
of the CFRP, with the modulus of elasticity of tBERP being the most significant of all four

parameters.

Ratio of Overlay Axial Stiffnessto Steel Axial Stiffness

As discussed in Section 1, one of the design pasameeferenced in the literature for
proportioning FRP patches is the ratio of axidfrstiss of the composite patch to the axial
stiffness of the underlying plate (Eq.3.1). As Bd. shows, this ratio may be modified by
changing the modulus of elasticity of the FRP,tthiekness of the FRP, or both. The results
referenced in Sections 2.1 and 2.2 were used teed®vo curves showing the effect of the
stiffness raticSF on the maximum principal HSS in the steel substrdtor each curve, one of
the two parameters (modulus of elasticity of thé°FRd thickness of the overlay) was varied
while maintaining the other constant. In all madéiscussed in this section, the length of the
overlay was 457 mm (18 in.) and the thickness efiterface layer was 0.6 mm (25 mils).
When calculating the stiffness for the thicknes&RP curve the modulus of elasticity was taken
to me 83 GPa (12,000 ksi).

The results presented in Fig 10 show that chantegtiffness rati®&F by changing the
modulus of elasticity of the CFRP had consistestiits with changing th8F ratio by altering
overlay thickness. There was a common trend,ahgbquential increments in the thickness of
the overlay and the modulus of elasticity of theRPHesulted in similar reductions on the HSS.

These results suggest that in terms of improvitigda-crack initiation life and fatigue-crack
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propagation life, the configuration of the overlayust as important as ensuring that the overlay

remains bonded to the steel.
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Figure 3-10 : Effect of the stiffnessratio on stress demand

Experimental Program

The goal of the experimental program was to evaltla fatigue-crack propagation life
of steel specimens with pre-existing fatigue craefmired using CFRP overlays under cyclic
loading. The text matrix for the experimental peog is summarized in Tables 3-1 and 3-2.
Two unreinforced control specimens were tested natminal stress ranges of 166 MPa (24 ksi)
and 221 MPa (32 ksi). Two specimens were repaunddCFRP overlays with dimensions
shown in Fig.1 (specimen thickness of 3nifqin., and overlay thickness of 6mm, ¥4 in.). The

specimens were tested at two different stress mig® MPa (24 ksi) and 221 MPa (32 ksi). A
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third specimen was repaired using CFRP choppedsféned was tested at 166 MPa (24 ksi).
Chopped fiber length was 38 mm (1.5 in.). Thege $ipecimens were used to determine the
relative effectiveness of the two types of CFRRanepin extending fatigue life. The behavior of
these steel specimens was also compared withftédrainum specimens.

Table 3-1: Specimen test matrix

Specimen Overlay Type CF.RP Overlay Stress Range Number of Final _Crack
Designation Thickness mm MPa (ksi) Cycles Size
9 (in) y mm (in.)
Control 1 None 221 (32) 18,000 Total Failure
Control 2 None 166 (24) 55,000 Total Failure
F9 14-Layer CFRP 6.4/¢) 221 (32) 3,000,006 5.08 (0.20)
F 10 Chopped-CFRP 6.44) 166 (24) 1,084,699 2.79 (0.11)
F12 14-Layer CFRP 6.4/() 166 (24) 4,059,048 5.08 (0.20)

Thel2 remaining tensile specimens were testingguanying thicknesses of CFRP
overlays and varying stress ranges to determineftibet of stiffness ratio on fatigue-crack
propagation life. Each of these specimens wasdasttil the fatigue crack had completely
propagated through the width of the specimen dt unfihite fatigue life was reached. The test
matrix for these 12 specimens is shown in Table 32all cases the composite overlays were

attached to both sides of the specimen and thkrtbss of the bond layer was 0.6 mm (25 mils).
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Table 3-2: Specimen test matrix

Sp_ecimgn Specimen Thickne& C_:FRP Overlay Stress Rar_lge Number of cydles
Designation mm (in.) Thickness mm (in.) M Pa (ksi)
F15 3.0ty) 1.6 {40 263 (38) 18,900
F3 3.0 tg) 1.6 {40 221 (32) 60,000
F6 3.0ty 1.6 {49) 166 (24) 340,700
Pick 12 3.01s) 2.4 €13) 221 (32) 271,100
Pick11 3.015) 3.2 {g) 263 (38) 95,100
Fl14 3.0 ty) 3.2 {g) 221 (32) 313,050
F2 3.0 /) 3.2 {g) 166 (24) 1,450,095
Pick10 3.01s) 6.4 {1, 263 (38) 282,550
Pick13 3.01s) 6.4 {1, 221 (32) *IFL
Pick7 3.0 1) 6.4 {1, 166 (24) *IFL
F4-25 6.01.) 1.6 {49 221 (32) 15,600
F4-21 6.01.) 3.2 {g) 221 (32) 160,150
F4-23 6.01.) 6.4 {1,) 221 (32) 571,650
F4-20 6.01.,) 12.8 {1,) 221 (32) *IFL

IFL* Infinite Fatigue Life

Measured material properties are presented in TaBle Coupon tests (ASTM 2000)
from single-layered specimens showed that the nusdefl elasticity of the CFRP was
approximately 83 GPa (12,000 ksi). Liu et al. (00bserved in their experiments that
successive layers of CFRP in a repair patch expeggbdiminishing strain demands. For
example, their measurements showed that the et lof a composite overlay experienced 17
% of the strain of the first layer. Because measwants by Liu et al. (2009) showed that after
the second layer the strain demand quickly dropgiedmodulus of elasticity of the composite
used for the computer simulations was selectee tiodiween measured values for one and three

layers.
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The modulus of elasticity of the 9412 Hysol resimsvalso measured using coupon tests

(Table 3-3) performed as prescribed by (ASTM 200)e measured modulus of elasticity of

the Hysol resin was 2.1 GPa (300 ksi).

Table 3-3: Measured material properties

Continuous CFRP

No. of Layers

No. of Coupons  Avg. Modulus of Elasticity

Standard Deviation

in Coupon
GPa (ksi) GPa (ksi)
1 3 85.8 (12,440) 10.0 (1,450)
3 4 75.3 (10,930) 10.9 (1,580)
5 3 61.7 (8,940) 0.3 (42.0)

9412 Hysol Resin

Coupon Thickness
mm (in.)

No. of Coupons  Avg. Modulus of Elasticity
GPa (ksi)

Standard Deviation
GPa (ksi)

6.4 (0.25)

6 2.1 (303)

0.2 (25)

Chopped-CFRP Composite

Coupon Thickness
mm (in.)

No. of Coupons  Avg. Modulus of Elasticity

GPa (ksi)

Standard Deviation
GPa (ksi)

4.8 (0.19)

7 14.1 (2,052)

6 (866)

Specimen Properties

The specimens were fabricated using grade A36 ateklvere either 3 mn¥/§in.) or 6

mm (/4 in.) thick. The stress-strain relationship obaitfior the steel is presented in Fig. 3-11.

The measured yield strength of the steel was 308 M® ksi), and the tensile strength was 460

MPa (67 ksi).
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Specimen dimensions are shown in Fig. 3-1. Eaehisen had a drilled and reamed
hole at the center of the specimen with a diamt8rmm /g in.). Both sides of the hole had
pre-existing fatigue cracks. The specimens suna@ain Table 3-1 had a pre existing fatigue
crack of approximately 2.5 mm (0.1 in.). The speais summarized in Table 3-2 had a
preexisting fatigue crack of approximately 7.6 nth8(in.). These initial fatigue cracks were
created by loading the specimens under repeatéelscgtstress ranges varying from 166 MPa

(24 ksi) to 263 MPa (38 ksi).

Surface preparation
Maintaining bond under cyclic loading is criticalthe successful performance of the repair
methods discussed in this paper. To develop adetpoad, the steel surface was prepared by a

process of abrading and cleaning. Abrading coeist roughening of the surface with a hand
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grinder to achieve a surface roughness of apprdgign8.8 mm (30 mils). After abrading,

cleaning of the surface was performed using acedodanethanol.

Fabrication of the Multi-Layered CFRP Overlays
The multi-layered CFRP overlays were pre-fabricated subsequently attached to the
steel specimens. Each CFRP overlay consistechgliesiayers of CFRP bi-directional pre-
impregnated carbon fiber ply. Scotch-Weld Epoxigesive (1838 B/A Green) was used
between certain layers to ensure that there waffiaisnt amount of resin to prevent voids from
occurring between resin layers during the curirggess. Table 3-4 summarizes the amount of
single carbon fiber plys and Scotch Weld Epoxy adieelayers used in each CFRP overlay.

Table 3-4: Fabricaton of Multi-Layered CFRP Ocerlays

Number of Layers

of Scotch Weld Placement of Scotch

Overlay Thickness Number of Single

mm (in.) Carbon Fiber Plies Epoxy Adhesive Weld Epoxy Adhesive
1.6 {10 2 1 After ' ply

2.4 5y 3 1 After 2% ply

3.2 {ly) 4 2 After 2% ply

6.4 ¢,) 8 3 After 3* and %' ply
12.8 {/,) 16 4 After £, 8" and 18" ply

Although previous experimental results (Liu et24109) showed that the strain demand in
the CFRP plies after the third layer were small paraed with those in the first and second
layers, the overlay was fabricated with additidagkrs to test and evaluate varying thicknesses
and to facilitate removal for inspection and reu$&e thickness of the overlay was controlled
during the fabrication process by using a mold =timg of aluminum plates placed between
bolted steel plates, as shown in Fig. 3-12. Thedation process is described in the following.
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First, the pre-impregnated CFRP plies were cuirttedsions of approximately 457 x 152 mm
(18 x 6 in.), which was double the size of the taxes. The CFRP sheets were placed on the
bottom steel plate of the mold, and were addedayes at a time. A single sheet of Scotch-
Weld Epoxy adhesive (1838 B/A Green) resin withgame dimensions was added according to
the schedule presented in Table 3-4.

The CFRP was surrounded by an aluminum spaceranttickness of 6 mni/g in.).
Due to voids in the interfaces between layers dREplies, the total thickness of the overlay
was greater than the intended target thicknessalftef the CFRP plies were placed in the
mold. The top steel plate of the mold was thewgdeon top of the CFRP stack, and pressure
was applied by tightening the bolts around therpeter of the mold to reach the target
thickness. At this point, the overlay was plaagethe oven for curing. The curing oven was
preheated to a temperature of 175 C (B7The CFRP overlays were cured inside the metal
mold for three hours, and subsequently allowedtn to room temperature for 48 hours. After
the curing process was completed, the CFRP oventays taken out of the metal molds and cut
to final dimensions of 457 x 64 mm (18 x 2.5 irs)ng a diamond saw. Sand paper (grade 400)
was used to smooth the edges of the CFRP. Fomsges summarized in Table 3-1, a hole was
drilled in the middle of the CFRP overlays withiardeter of 3 mm'(s in.) to facilitate

alignment with the steel specimen.
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Figure3-12: Sted platesfor making FRP plate

The CFRP overlays were attached to the steel spedirsing Hysol® 9412 epoxy resin,
which has a nominal shear strength of 28 MPa (4(kBisol®). The thickness of the Hysol®
layer was 0.6 mm (24 mils), maintained during fedsion by using six spacers evenly
distributed throughout the interface. Draftingdagurrounding the steel plate was used to
prevent leaking of the Hysol® resin by creatingsim pool. For the specimens summarized in

Table 3-1 only, a bolt was used to align the gpéske and the two CFRP overlays at the center
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hole. Hysol® resin was poured inside the tapedaodf, and pressure was applied using grips to
maintain the thickness of the interface layer &trdm (24 mils). After two days of curing the
interface bond layer, final preparation was perfedroy cleaning the specimen of remnant resin

using a chisel and a heat gun.

Fabrication of CFRP Chopped-Fiber Overlays

Use of chopped-CFRP overlays was also investigatedaluate the performance of this
type of composite material in terms of fatigue-&poopagation life; this was an attractive
alternative to consider, due to simpler compositeitation. The chopped fiber overlays were
fabricated using an external mixing spray machaegn-atomized resin lel chopper system
commercialized by BINKS). The spray machine usguhgl-ester resin with Norox MEKP-925
catalyst and graphite fiber yarn. The surface @r&gon performed was the same as that
described in Section 3.2. After surface prepanadiod subsequent cleaning, the fiber-resin mix
was sprayed on steel substrate in layers approgiynatmm (130-mil) thick, and was
compacted using a hand tool until the average tieisk of the composite overlay was 6 mi (
in.). The specimen was cured at room temperaturevo days, after which the remnant resin

was cleaned from the specimen.

Test procedure
A cyclic tensile load was applied at the ends efspecimen using an MTS closed-loop
servo-controlled loading system. The applied lovad determined on the basis of the nominal

stress demand at the net section of the steelmpacicalculated using the actual (measured) net
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cross sectional area without any adjustments fesstconcentration in the area surrounding the
hole. These values, although not representativieeopeak stress demand, were adopted to
simplify the comparison between various specimérse ratio of minimum to maximum stress
was maintained constant at R=0.1. The rate ajdaticrack propagation was evaluated at three
different stress ranges, 262 MPa (38 ksi), 221 §8R&ksi) and 166 MPa (24 ksi). A maximum
tension load of 14 kN (4.4 kips) corresponded str@ss range at the middle section of 221 MPa
(32 ksi) for a 3 mm'(g in.) thick specimen. Upon loading of specimensf®D, and F12, crack
growth was monitored periodically. Every milliopates, the CFRP overlays were removed to
measure the crack size and subsequently reattéahadditional loading cycles. The
reattachment procedures were the same as desoriBedtion 3.3.

During cyclic loading of the remaining CFRP repdispecimens, those summarized in
Table 3-1, the percent change in stiffness was toi@d. In this case, percent change in
stiffness was measured using the following equation

% change irK=(6L/0P)/Kmnax (3.2)
where? is the stiffness of the combined steel and CFR#lays,L is the load placed on the
specimenP is the position reading from the testing machameKaxis the maximum stiffness

recorded during testing.

Experimental Results
The propagation life of the steel specimens usddisstudy was calculated for different

stress range demands based on established thabestimessions, as presented in Fig. 3-13.
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The relationship between crack length and numbewyoles was calculated using the following

expression (Barsom and Rolfe, 1999):

= = AQK)™ (3.3)

wherea is crack lengthN is the number of cycle$y andm are material constants, and
AK is a stress intensity factor range. Material tams ofA=3.6E-10 andn=3 were adopted,
which correspond to values for ferrite-pearliteestéBarsom and Rolfe, 1999). The stress
intensity factor depends on the ratio of crack ternig plate width ¢/b) and the ratio of crack
length to hole radiusa(r) (Barsom and Rolfe, 1999). Stress intensity fiactor variousa/b and
a/r ratios listed by Barsom and Rolfe (1999) were used

As shown in Fig. 3-13, the parameters in the exgioesprovided a close correlation
between the fatigue-crack propagation life of uamga specimens and the theoretical

propagation life for the corresponding stress range
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Figure 3-13: Comparison between theor etical and experimental valuesfor the fatigue-crack

propagation life of unreinforced specimens

As indicated in Section 3, the Three nominal strasged\G, that the specimens were
tested at werel66 MPa (24 ksi), 221 MPa (32 ksi)268 MPa (38 ksi) . These values were
computed by dividing the applied force by the cresstional area at the net section of the
specimen, which was approximately 90 fr{@14 irf). A comparison between observed
fatigue-crack propagation rate of the specimens @ERP overlays summarized in Table 3-1
and the calculated fatigue-crack propagation ratereinforced specimens with low stress

demands is presented in Fig. 3-14.
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Figure 3-14: Crack propagation in specimenswith CFRP overlaysand theoretical values

calculated for specimenswithout overlays

As shown in Fig. 3-14, the crack propagation rdte gpecimen repaired with continuous
CFRP fibers subjected to a stress range of 166 (4P&si) was similar to that of an unrepaired
specimen subjected to a stress range of 35 MPsiYb&sed on theoretical values. These results
indicate that the presence of the overlay resuitedreduction of approximately 80% in the
stress range. The test of the specimen repairgdmuilti-layered CFRP overlay subjected to a
stress range of 166 MPa (24 ksi) was stopped 4fteitlion cycles, after crack growth started to
become noticeable. Had the fatigue crack in géenen continued to propagate at the
theoretical rate for an unreinforced specimen uladg&ress range of 35 MPa (5 ksi), it would

have reached a crack length of 7.6 mm (0.3 irapatoximately 6 million cycles. A similarly
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loaded unrepaired steel specimen reached a cnagthlef 7.6 mm (0.3 in.) at only 50,000
cycles (Fig. 3-13).

The remaining tensile specimens repaired with CBRR#Rlays, summarized in Table 3-2,
also exhibited a significant improvement in fatigtrack propagation life. The overlays in these
specimens were not debonded for inspection perdigiso that any cumulative damage to the
interface layer due to fatigue could be factorethentest results. The behavior of these
specimens was monitored using the change in stéfas an indicator of crack growth. The
change in stiffness of all specimens as a funaifdhe number of cycles is shown in Figs. 15-
18.

For all specimens the change in stiffness showsdraficant increase in compliance at a
distinct point during testing (Fig. 3-15-18). Timaximum stiffness referred to in Eq. 3.2 is a
constant for each specimen, and because testingevismed under load control, the change in
load remained constant. Therefore, according t3E] any decrease in the stiffness (or
increase in compliance) would be a direct resuffroincrease in the extension of the specimen.

Increases in compliance under a constant load rarggeaused by softening of the
specimens, which is indicative of damage. An iaseein compliance could be caused by loss of
bond, damage in the composite overlays, or a remtuct the net cross sectional area of the steel
specimen. Because the composite overlays showsiyne of damage or distress, except for
specimen F4-25, which will be discussed latess hypothesized that gradual increases in
compliance were caused primarily by the reductibtihe net cross sectional area of the steel
specimen. Propagation of the fatigue crack thrabghentire cross section of the specimen led
to 100% of the load being transferred through thamosite overlays. This new load path

caused a rapid increase in the damage to the ggendhe vicinity of the fatigue crack and to
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local loss of bond, leading to a large increaseompliance (or reduction in stiffness) in
comparison to that observed during propagatiomefttack through the steel. The number of
cycles at which a significant change in compliawes observed was adopted as the fatigue
propagation life for the specimen.

Upon the conclusion of testing, the CFRP overlagsawemoved to inspect the steel
specimen and it was confirmed that in all specinmgmwvn in Fig.15-18 the fatigue crack had in

fact propagated through the entire net sectioh@tteel.
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Figure 3-15 : Percent changein stiffness of 3-mm (Yg-in.) thick specimenstested at 166 MPa (24 ksi)
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Figure 3-17 : Percent changein stiffness of 3-mm (Yg-in.) thick specimenstested at 263 MPa (38 ksi)
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Figure 3-18 : Percent changein stiffness of 6-mm (*/,-in.) thick specimenstested at 221 MPa (32 ksi)

Of the 14 specimens tested with initial crack lésgif 0.3 in., only one specimen, F4-25,
had complete debonding between the steel and Ck&Rags. This is attributed to the
combination of thin (2-mnT/1e-in. thick) CFRP overlay and high stress range (2®h, 32 ksi).
Although there were specimens subjected to a higihess range (263 MPa, 38 ksi), the steel
cross section of specimen F4-25 was 6-miif.) thick, so the maximum load on the specimen
was much higher that the load placed on thinned sigecimens tested at the higher stress range.
After full propagation of the fatigue crack throutjie steel, the higher load demand imposed a
higher shear demand on the transfer layer whichattashed over the same length in all

specimens.
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Test Specimens Pick 13, Pick 7 and F4-20 werenotided in Fig. 3-15, 3-18. For
these three specimens a significant change in ¢anga was never observed after the number of
cycles exceeded the infinite fatigue thresholdesponding to the nominal stress range
established in the AASHTO bridge specifications GO 2004). The stress reduction in the
steel due to the alternate load path provided YGRRP overlay was sufficient to drive the
demand below the fatigue-crack-propagation thresf®hrsom and Rolfe, 1999) as shown in
Fig. 3-19. After the number of cycles associatéti wfinite fatigue life in the AASHTO LRFD
Bridge Design Specification (2007) was surpassetiaese three specimens, the composite
overlays were removed for inspection and it wadiooed that the fatigue crack had not
propagated fully through the steel cross section.

Figures 19 and 20 show the fatigue-propagatiorfdifall specimens summarized in
Table 3-2. S-N curves for the various fatigue gaties in the AASTHO Bridge Specifications
(AASHTO 2007)are presented for reference. Forispems that were 3-mn¥/g-in.) thick (Fig
19), doubling the thickness of the CFRP increagsegagation life approximately by the number
of cycles corresponding to one AASHTO fatigue catgg For specimens that were 6-mith-(
in.) thick (Fig. 3-20), doubling the thickness b&tCFRP increased propagation life
approximately by the number of cycles correspontinigvo or more AASHTO fatigue
categories. Regardless of the thickness of thed, st specimens with CFRP overlays with a
thickness of 6.4 mm'/ in.) had fatigue-propagation lives exceeding thigsition life of a

Category B detalil.
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The fatigue-crack propagation life of all specimavith a pre-existing fatigue crack of
7.6 mm (0.3 in.) that were repaired with continufiber CFRP overlays and were subjected to a
stress range of 221 MPa (32 ksi) is summarizecalnle3-1. In all cases, the propagation life of
the specimens was greater than 3 million cycl@sthis point the test was stopped after noticing
measurable crack growth. The comparison betwesspaired and continuous-fiber CFRP
repaired cases shows that the fatigue-crack praojpadde of continuous-fiber CFRP repaired
specimens was more than 50 times greater thatrtipagation life of unreinforced specimens.
The repaired specimen subjected to a stress rdrggl dMPa (32 ksi) had a nominal maximum
stress of 235 MPa (34 ksi), which was close toleasured yield stress of 303 MPa (44 ksi) for
the steel. The results show that the behavidn@tbntinuous-fiber CFRP repaired specimen
was similar to that of an unrepaired specimen sudfeto a nominal stress range between 35 (5
ksi) and 41 MPa (6 ksi), which indicates that tHeR® repair was very effective at that high
stress range as well.

The experimental fatigue-crack propagation curvesvd in Fig. 3-14 also indicate that
rate of crack growth in repaired specimens hacdkatgr tendency to increase with crack size
than the theoretical relationship for unreinforspécimens (Eqg. 3.3). This could be an
indication that as the fatigue crack grows, thecbbetween the composite and the steel in the
area surrounding the crack is reduced, makingdpair less effective. It is hypothesized that
this detrimental effect could be lessened by dglla hole at the tip of the crack, to remove the
sharp crack tip and the process zone. The conibmat the stress reduction due to the alternate

load path provided by the composite and the regfdine tip of the crack may be sufficient to
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drive the stress demand below the fatigue-crackauyation threshold (Barsom and Rolfe,
1999). This is a combination of techniques thatrargs future study.

Average crack propagation rates are presentedhble 5. The experimental curves
were divided into two regions. During early fatgerack growth the propagation rate was
nearly constant. Average rates of crack growthiiernearly constant region are presented in
the third row of Table 3-3. After significant ckagrowth, the crack propagation rate increased
as the specimens approached failure and, in treeafagpecimens with overlays, the bond
between the overlay and the steel degraded. Tlhes/an Table 3-5 show that for specimens
with a stress range of 166 MPa (24 ksi) the efféthe overlays was to decrease the crack
growth rate by a factor of approximately 45, aneltduction in the rate of crack growth was
similar for both types of composite overlays. Bwr specimen subjected to a stress range of 221
MPa (32 ksi), the bonding of the overlays resuited reduction in the crack growth rate by a
factor of approximately 300.

Table 3-5: Average crack propagation growth rates

Ac 166 221 166 166 221
MPa (ksi) (24) (32) (24) (24) (32)
Multi- Chopped Multi-
Type of Overlay None None Layered Fiber Layered
Average Crack Propagation
Rate, Stable growth, 0.0147 0.1575 0.00025 0.0005 0.0005
u m/cycle (0.58) (6.19) (0.01) (0.02) (0.02)
(nin./cycle)

The final goal of this study was to determine thlative fatigue life improvements of
CFRP with varying stiffness ratios according to¥Ef. The modulus of elasticity of the CFRP
overlay was taken to be 83 GPa (12,000 ksi) regasdbf overlay thickness, as mentioned in
Section 4. The stiffness ratio was determined basthe measured thicknessdf the steel and
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CFRP overlays, and the modulus of elasticity oélst200 GPa, 29,000 ksi). Fig 21 shows the
fatigue-crack propagation life of each specimertivs stiffness ratio. For specimens that
reached infinite fatigue life, the number of cydedailure was extrapolated using accepted
models of theoretical crack propagation presenyedrsom and Rolfe (1999).

Figure 3-21 shows that for a specific stiffnesgorats the stress range at which the
specimen was tested increased the fatigue lifeedsed, as expected. However, this trend was
not proportional. A much greater improvement wlasesved when the stress range decreased
from 221 MPa (32 ksi) to 166 MPa (24 ksi) than whan stress range decreased from 263 MPa
(38 ksi) to 221 MPa (32 ksi).

Figure 3-21 also shows a bilinear relationship leetvpropagation life and the stiffness
ratio. For each stress range there was a stiffia¢igsat which the slope of the curve had a
sudden increase, trending towards infinity. Plaistpoint, small increases in the stiffness ratio
resulted in propagation lives that vastly excedtiednfinite life threshold in the AASHTO
specifications (AASHTO 2004). It is clear from Rl that the critical stiffness ratio at which
each set of data trended towards infinity increasitia the stress range. The critical stiffness
ratios for specimens tested at stress ranges oME&6(24 ksi) and 221 MPa (32 ksi) were
approximately 0.8 and 1.0 respectively. Theseltegulicate that as the stress range increases,
the stiffness ratio must be increased in ordechoexe infinite fatigue life. According to Eq.3. 2
the thickness of the steel specimen should not hayeeffect on fatigue-crack propagation life
shown in Fig. 3-17. Because the critical widttire 6-mm (¥2-in.) thick specimens differed
from that of the 3-mm'(g-in.) thick specimens, failure of the former speeits was taken as the
number of cycles at which the crack reached a keafji4 mm {/16in.). Therefore, the

propagation life used in the comparisons correspondhe same crack growth for all specimens,
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regardless of specimen size, allowing a direct ammspn between the two. A direct comparison
between the 3-mmnt/g-in.) thick and the 6-mm (¥4-in.) thick specimert¢es221 MPa (32 ksi) in
Fig. 3-21, shows that for the same stiffness tigothicker specimen had the larger propagation

life. However, both specimens had approximatetysgaime critical stiffness ratio.

Failure Comparison of Tensile Specimens
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Figure 3-21: Fatigue-crack propagation lifefor all specimenstreated with CFRP overlaysand an

initial crack length of 7.7 mm (0.3in.)
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Conclusions

The results of the experimental and analyticalisgidn the use of CFRP overlays to

repair fatigue cracks in steel plates resultedhénfollowing conclusions:

Experimentally observed reductions in stress rategeand associated with the
bonding of overlays were consistent with those okeskin FE simulations.
Experimental results showed that bonding of preitabed multi-layered CFRP
overlays extended the fatigue-crack propagati@ndifthe steel specimens by
more than 50 times. The observed increase inuat@yack propagation life was
significantly higher than values ranging betweehahd 7.9 reported in previous
studies on aluminum plates, steel plates, and bezghs. The main difference
between the overlays used in this study and theed in other studies found in
the literature is that the stiffness raB& was significantly higher.

Experimental results showed that as the stres&namlag increased, a larger
stiffness ratio was needed for the specimen tdredmite fatigue life. At 166
MPa (24 ksi) and 221 MPa (32 ksi), the number afesyto failure tended
towards infinity at a stiffness ratios of 0.8 an@ fiespectively.

Computer simulations showed that the parametetithee the most significant
effect on fatigue-crack propagation life were thedulus of elasticity of the
CFRP and the thickness of the overlay.

Maintaining adequate bonding between the CFRP ayamd the steel is critical.
Significantly better performance was obtained byp@is high-quality bonding

resin over direct spraying of the composite onstiee!.
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» Although the increase in fatigue-crack propagalif@nwas less for the sprayed
overlay, the increase was on the order 30 timegprthigagation life of an
unreinforced composite.

The research conducted showed that use of CFRRagsédo repair cracks in steel
members can be a highly effective means of redutiegtress demand and greatly prolonging
the fatigue-crack propagation life. This technigae be used with the goal of avoiding the need
for drilling large-diameter crack-stop holes. Whwamposite overlays are used in combination
with crack-stop holes, the overlay can effectiveguce the stress demand, allowing the use of
crack-stop holes with a much smaller diameter,igefit to only to remove the tip of the crack

and the fracture-damaged zone.
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CHAPTER 4. FINITE ELEMENT MODELING TECHNIQUES FOR ESTIMATING FATIGUE

CRACK PROPAGATION IN STEEL BRIDGE GIRDERS

Abstract

This paper describes finite element modeling tegpines used to evaluate the potential for
fatigue cracks in steel girders subjected to distorinduced fatigue. The modeling techniques
employed in this study were intended to identifyaar near welded connections in bridge girders
with the highest potential for developing fatigwaaks, and to evaluate the effectiveness of
retrofit measures in reducing the potential forckraropagation near welded connections with
existing fatigue cracks. Because of the complessstfields associated with distortion-induced
fatigue areas susceptible to this type of damaggriters are subjected to 3D mixed-mode
fracture.

Computer simulations were performed using the amajyrogram ABAQUS 6.10.
Modeling techniques employed in this study incluttezlextended finite element method (X-
FEM ), used for simulating existing cracks andifivestigating crack propagation paths, and for
guantifying the potential for crack propagationtenms of the J-integral. Other tools used to
qguantify the potential for fatigue damage include Hot Spot Stress (HSS).

Results from computer simulations were comparel exiperimental measurements
from 9-ft long steel girder assemblies subjectedubof-plane cyclic loading. The girders had
typical connection plate-to-girder web connectitmend in bridges with documented damage

due to distortion-induced fatigue. The girder sisisemblies were evaluated in their original and
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retrofitted conditions. Retrofit measures studiechputationally and experimentally include
bolted steel angles, plates, and composite blocks.

The modeling techniques implemented in the studewery effective in identifying
locations where fatigue cracks developed in theegisub-assemblies. The HSS technique
provided an adequate measure of the potentiabtague cracks, while computed values of the J-
integral provided were good indicators of the ptgtior crack propagation in retrofitted

specimens.
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Introduction

Fatigue damage affects steel bridges in areaswsihcomplex stress fields often
induced by abrupt changes in geometry brought afypabnnections between structural
components. Given the level of complexity invohredgimulating the flow of forces in these
areas the finite element method is one of the dasiytical tools available to quantify the stress
demands and investigate the potential for faticareabe. The main difficulty associated with
using the finite element method is that the resarkssensitive to the approach followed in
developing the model. Important assumptions andatirag decisions such as the density of the
mesh, the material models, and the presence oh#ilgrinduced residual stresses have a
significant effect on the outcome of the analystsirthermore, the computational effort required
to carry out a simulation of this kind is signifitand increases with the level of complexity of
the model.

The study presented in this paper was carried dghttive goal of identifying modeling
techniques that can be used to quantify the peatieioti fatigue-crack initiation and propagation
in a reliable manner. The simulations were pertam the specific context of distortion-
induced fatigue in steel girders, which is partely complex because areas of the girders
susceptible to fatigue damage are subjected todnixade fracture. Emphasis was placed in
using simple modeling techniques because increasimgplexity in models corresponds with
greater sensitivity to modeling assumptions, reggumore sophisticated computer platforms, and
longer run-time requirements.

While the focus of this paper was on describing evaluating computer simulation

techniques for distortion-induced fatigue, it wasemntial to have data from physical simulations

90



to validate the simulation results. A 2845-mm (1.2 long steel girder subassembly was
loaded through a cross brace under cyclic loadirgjudy the formation and growth of fatigue
cracks under distortion-induced fatigue and to eata the effectiveness of various retrofit
measures to prevent the propagation of existinguatcracks. The girder sub-assembly was
loaded “upside down”, with the top flange of thedgr fixed to the reaction floor of the
laboratory. Because the test configuration resédihe girder from bending, the loading
conditions were representative of a bridge girdea iocation near the inflection point of a

bridge.

Objective
The objective of this study was to evaluate acgucdcomputer modeling techniques
used to simulate the stress field in steel girdalgected to distortion-induced fatigue. Modeling
technigues were evaluated by verifying that the matexd stress fields could be used to identify
locations with the highest likelihood of developifegigue cracks, and used to quantify the
effectiveness of various retrofit measures in rgtyithe rate of growth of existing fatigue

cracks.

Scope
This study involves exploring and assessing sinanaechniques in the context of
bridge girders subjected to distortion-inducedgiad. The goal of the study was to calibrate
finite element models of areas with high stressateis by comparing calculated stresses with
experimentally observed crack patterns and measaleds of stress. The calibrated models
were subsequently used to provide an indicationtadther various retrofit measures can be
expected to perform effectively under field corutis.
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Background

Distortion-Induced Fatigue

Fatigue cracks due to distortion-induced fatigueehiaeen identified in many welded
steel bridges built prior to the mid-1980s. Brddrom this period often included cross frames
or diaphragms attached to transverse stiffenershakere welded to the web of the girders.
The stiffeners were not connected to the tensemgié due to concerns about the potential for
fatigue damage, and sometimes were not conneciashipression flanges either. When a live
load is placed closer to one girder than anotherfwo girders deflect vertically in different
amounts. The differential deflection causes tlisiframes or diaphragms to introduce
secondary stresses at the connections with thergirdiving rise to the phenomenon of
distortion-induced fatigue (Fisher, 1984).

In these bridges, cracks form mostly in the negathnoment region because the concrete
deck provides some restraint from lateral motiothe positive moment region and many times
the connection plate or stiffener is welded tottgeflange. Cracks originate at the toe of the
welds connecting the web and flange and also ab#hef welds connecting the web to the

stiffener.

Previous Retrofits
Repairing cracks in the web gap can be done inteys. The first is to increase the
compliance of (“soften”) the connection in ordereéduce the stress demand. Softening of the
connection will either reduce the distribution ofdes between girders, or cause the system to
find alternative paths to transfer the load betwgieters. New load paths are likely to engage
connections with higher stiffness, which may catheefatigue problem to migrate from one
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location to another. The second approach is ti@stine region by providing an alternate load
path at the connection, which has the effect oficedy the deformations in the web gap region
and consequently the stress demand. Zhao and R#0fl7) studied both of these repair
methods on a two-girder bridge near Manhattan, &an$ligh-resolution finite element models
were created which showed that stresses in thevébpgaps exceeded the yield point when an
HS-15 fatigue truck was placed on the bridge. Fdféening repair method involved slotting the
connection plate, and the simulation results shawatinot only were cracks expected to
reinitiate, but stresses in the top web gap alseased. According to Fisher (1984), in order for
the slotted repair to work, the minimum removalggnmust be at least 305 mm (12 in.) or 20
times the thickness of the web. The other repgadised by Zhao and Roddis consisted of
welding the connection plate to the flange. Witis imethod, peak stress demands were reduced

on the order of 90%, without forming new stresens

Crack Models

The J-Integral and stress intensity factors (SIF) aredua cracked models to quantify
the potential for crack growth (Zhu et al., 201@)Fs can be determined with accuracy by using
the scaled boundary finite element method (SBFEMjom there, thé-Integral can be
converted fronK, andK; for mixed-mode cracks.

Cook et al. (2002) explain that ABAQUS always cédtes thel-Integral as positive.
Looking at nodal displacements at the corners@ttiacks will tell if a crack is opening or
closing in a given direction. If the opening depgment is positive, then the crack is opening

and theJ-Integral is positive. The opposite is true aslwel
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Modeling Techniques

Material Properties
All materials modeled were isotropic and lineastta The modulus of elasticity for the
steel was set to 200,000 MPa (29,000 ksi) and Bwissatio was set at 0.3. The density of steel
used was 76.0 kN/#{490 Ib/ff). Young's modulus for the concrete was 27,780 NP@30
ksi) and Poisson’s ratio was set to 0.2. Compdmaeks used in retrofit simulations had a

modulus of elasticity of approximately 2>¢Il@Pa (300,000 ksi) and Poisson’s ratio of 0.1.

Mesh
The three-dimensional finite element model wasterkasing ABAQUS 6.10. The
elements used for the web were 8-node brick elesneith 24 degrees of freedom. The mesh in
the web was denser in the bottom and top web gapsencracks will form in comparison to the
other locations. Denser meshes increase the agcaféhe model in areas where the stress
gradient is large, although at the cost of incréase time. The smaller mesh size in the bottom
web gap was 2.5 mm (0.1 in.) and 9.5 mm (0.38adut3ide of this area. Tetrahedral elements

were used to transition between these two mesh.size

Boundary Conditions
The beam subassemblies were attached to the cefio@t through steel channels. In
the simulation, both the concrete floor and thencleds were modeled. Both ends of the
subassembly were connected to the reaction framadh channels running perpendicular to the
girder. In early simulations bolts and threadedsravere modeled explicitly, while in later
simulations tie constraints were used insteaddage computational time without any

meaningful change in the calculated stress fietll@tveb gap.
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Angles were attached to both ends of the top #@angrovide some lateral and torsional
restraint to the girder, in the same manner trafldnge would restrain the motion of an actual
girder.

The actuator was defined as free to move up anchd@voss-frame elements were
attached to the actuator through a WT10.5x27.5 tétbonstraints. Cross- frame elements were

connected to the girder specimen with bolts. Bioltulation techniques are explained below.

Load
In the load-controlled model, a 22.2 kN (5 K) temsioad was applied over the cross

sectional area of the actuator in the loading step.

Welds
The web-to-flange and cross frame plate-to-web eoons were modeled with 4.7-mm
(0.19-in.) fillet welds. Tie constraints were ugedconnect the fillet welds to the girder and
gusset plate. The welds were modeled as righgies and each consisted of hexagonal 8-node

brick elements with a mesh size of 2.5 mm (0.1 in.)

Bolts
Bolts with a diameter of 19 mn¥{in.) were modeled by merging one end of a shank
with the head and the other side with the nut.e&tls on the bolts were not modeled explicitly.
The middle of the shank was partitioned so thahterior surface was present. An intermediate
loading step was created in which a bolt load wasied to the interior face of the shank to

simulate the tension force in the bolts.
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Crack Modeling Techniques

A. Explicit Modeling

Cracks were first simulated in the model by remg\arthin section of elements in the
web. The mesh density in the bottom web gap as=awery dense (0.023 in.) so that when the
elements were removed, the crack would be as thposasible. The crack was one element
thick, or 0.6 mm (0.023 in.). Results showed thatmagnitude of the stresses calculated in this
manner was sensitive to mesh density. By remosiagents in the web, the cracks were
neither allowed to grow nor initiate. Other useffbrmation pertaining to the potential of the
crack to grown such as tldntegral and Stress intensity factors could notiérmined with

this technique.

B. X-FEM

The second method for modeling cracks utilizedetigended Finite Element Method
(X-FEM). Cracks were modeled as zero-thickness@abar shells. Because the crack part had
no thickness, the accuracy was slightly greater thiaen elements were removed. Cracks were
through-thickness cracks in the web so the widtthefcrack was 9.5 mni/{in.). Crack
lengths and locations were selected to be sinoléihdase observed in the physical simulations of
the subassemblies. Cracks were modeled as statiand were also allowed to grow. Parts that
contained cracks that are allowed to grow must laavadditional parameter in the materials
module. This parameter specifies when a crackaiglcgrowth will take place based on one of
six different failure criteria in terms of stressstrain, and also the displacement at failuree Th
failure criterion used in the simulations was basedhe maximum principal stress and the

failure stress was set as 276 MPa (40 ksi). Digpleent at failure was set to 0.25 mm (0.01 in.).
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C. Contour Integrals

The last method used to model cracks was basedrdouwr integrals. The results of this
method were more sensitive to mesh size than thatseobtained with the X-FEM. Cracks
were simulated according to the following methatkst, the section that contained the crack
was partitioned so that a crack location couldt@sen from one of the partitions. Next, the
crack direction was specified by utilizimgvectors. The start coordinate of tipeector was
specified as the end of the crack that was notggating, and the end coordinate of gheector
was specified as the crack tip. Finally a seamaeraated in the same special section of the

Interaction Property Module.

D. Cohesive Behavior vs. LEFM

There are two methods to model cracks in ABAQUS C&ction-separation cohesive
behavior and linear elastic fracture mechanics (UEFBoth methods can model crack
propagation and are equally suited for modelinguadghation. If a crack is not initially present,
initiation can only be modeled through the tractsmparation cohesive method. After initiation
has occurred, LEFM can be used to model propagatidie two methods cannot be used in
conjunction to model identical crack behavior. r Ewample, properties for the cohesive method
and LEFM cannot both be specified to model cracdpgagation. The cohesive method is an
energy and strength criterion, while the LEFM i$ (@hen and Mai, 2010). The results of
LEFM are generally similar to the cohesive method.

In the cohesive method, damage evolution propeatiespecified for the material
undergoing cracking. In this method it is assuned failure of the cohesive bond is

characterized by progressive degradation of thesigh stiffness, which is driven by the
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damage process (ABAQUS 6.10, 2010). The damagdetevo property is based on the choice

of six stress or strain criteria.

1.

2.

5.

6.

Maximum principal stress (MAXPS)
Maximum principal strain (MAXPE)
Maximum nominal stress (MAXS)
Maximum nominal strain (MAXE)
Quadratic traction-interaction

Quadratic separation-interaction

The damage evolution components specified deshobethe material will displace after

the maximum stress or strain is reached. Theoakttip between the damage evolution

property and displacement can be linear or nonliaeaghown in the figure below. For damage

evolution properties based on stress, the maxinamesive traction]may iS the failure

parameter that defines the initiation or propagmatibthe crack. In the 9-ft specimen models, a

maximum principal stress criterion was chosen wittohesive traction of 276 MPa (40 ksi) and

a maximum displacement of 2.5 mm (0.1 in.) was @sethe damage evolution properties.

Cohesive traction T
Cohesive traction T
Vi

Crack opening § Crack opening §
(a) (b)

Figure4-1: Traction separation response a) linear b) nonlinear
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The LEFM method relies on the modified Virtual Gk&losure Technique (VCCT) to
calculate the strain energy release rate at trek ¢ This method is more appropriate for
brittle fractures along predefined surfaces (ABAQ&JE0, 2010). In this method, failure occurs
only at the crack tip.

The main properties of the LEFM method are spetifiethe Fracture Criterion in the
Interaction Properties. A mixed-mode fractureesidn must be specified, and ABAQUS gives
three choices: Benzeggagh-Kenane (BK), Power, asdl& (ABAQUS 6.10, 2010). This
criterion is used to estimate the onset and théeatgvhich the crack grows. In the BK and
Reeder criterions, Mode |, 1, and 11l critical egg release rates are chosen, and in the Power
criterion additional exponents must be chosen. MEBnN only be used if a crack is pre-existing
or will be nucleated during the analysis. If thevy@o crack, then it is initiated by using one of
the six stress or strain criteria specified inrhegterial properties.

If CFRP is modeled, the cohesive method combinestiess analysis and the debonding
simulation, whereas in the LEFM method, these tigpsare separate. In LEFM, the first step
is to calculate stress and displacement. In therskstep, these results are used to determine the
stress intensity factors or the energy release raterack will propagate when the energy release
rate,G (calculated using th&integral), is larger than the critical fractureeegy, G.. Because
the LEFM method assumes linear behavior, the amafumnbrk the computer must do is
considerably less than with the cohesive methdte @arameters that must be specified for the
LEFM are less than in the cohesive method. Thererany variables that can be specified in
the LEFM, but onlyG, is needed for fracture simulation (RabinovitchQ20 Because very little
information is required for LEFM, the cohesive nutltan be more accurate for some

debonding simulations. Overall, the two methodsastd similar results.
99



Modeling of Retrofit Measures

Connectivity

Tie constraints were used to transfer stress aath$tom the master surface to the slave.
Sliding and entering into other parts was prevebiedpplying tie constraints which provided
full connection between nodes. Load transfer ftbenactuator to connecting elements was kept
in mind when selecting master and slave surfaEes.example, cross-frame elements were
specified to be slave surfaces to sections of tihie Which was the first part subjected to the
actuator loading. Model run time was optimized wbeth the slave and master surfaces were
partitioned to be the same size and also when #stansurface had a coarser mesh than the
slave.

When more accuracy was required, interactions weed to allow parts to slide against
each other. An interaction property was createithvbpecified a surface-to-surface penalty
hard contact and friction coefficient of 0.35 irettangential and normal directions. Interactions
were used between the angle, web, and shims ianthle retrofit to prevent the parts from
entering each other and to allow for friction. Amer interaction was created in the top web gap

where the top of the connection plate was not wktdehe top flange.

Measuring Fatigue Damage Potential

Peak Stress
The location of the peak stress throughout the inwds different for the various crack
and retrofit configurations. When there were raxks or retrofits, the maximum stress overall

was found at the weld connecting the cross-franssefuplate to the web in the bottom web gap.
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Maximum calculated stresses at the web and commeglate weld in the bottom web gap region

exceeded the yielding stress of the steel.

Directional vs. Principal vs. Von Mises Stresses
Different stress types, including directional, Maxim Principal, Von Mises, and Tresca,
were evaluated to find which one provided the betditation of the crack locations in the girder
subassemblies. Figure 4-3 shows that crack grimiiiwed the direction of the peak maximum

principal stress.

Hot Spot Stress Technique

The hot spot stress technique was used to qudhéfgtress demand in the web, near the
toe of the fillet welds. The stress was monitared distance away from the toe of the welds
equivalent to 0.5 times the thickness of the wdliclvwas rounded to 5 mm (0.2 in.). Hot spot
stress path #1 - bottom was a horseshoe shapedpaibximately 102-mm (4-in.) long. This
path was located in the bottom web gap on theiartéace of the web. Hot spot stress path #2 -
bottom was a 203-mm (8-in.) long horizontal patiofeing the weld connecting the web to the
bottom flange. Similar hot spot stress paths weeteacted from the fascia side of the web in the
top web gap. Hot spot stress path #1 — top wasridl(4-in.) long on the fascia side of the web
in the top web gap. Hot spot stress path #2 -wipa 57-mm (2.25-in.) long horizontal path
following the weld connecting the web to the tagnfje. The length of the paths was similar to
the length of cracks measured in the girder sulbasiges. By following this approach, stress
demands calculated using uncracked models couily ®ascompared with stress demands

computed using models that had cracks.
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J-Integral and Stress I ntensity Factors

The potential for crack growth was evaluated by garmg computed values &f
Integrals and stress intensity factors (SIFs) @ortaurs surrounding crack tips in addition to the
hot spot stress technique. The algorithms in ABAQuly allow calculating these parameters
for stationary cracks. Smaller models were madietwtonsisted of a single plate with a crack
half the length of the plate (Fig. 4-2). A 6.89 M@ ksi) compression and tension pressure load
was applied to the left and right sides of thegtatstudy how opening or closing of a crack
affects the sign of th&Integral and SIFs. In the model, a surface-tdasgr interaction was
placed between the both sides of the crack to pteétiem from entering each other. From this
smaller model, it was found that when loading cawserack to close, SIFs become negative,
and when the crack opens, SIFs stay the same mdgnhut opposite in sign. Thdntegral

changed values, but the sign stayed positive.

Figure 4-2 Focused mesh surrounding crack tip in a 3-dimensional model.
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Parts that contained cracks had circles partitiaidgte tips of cracks to define the
contours. Th&-Integral and SIFs were specified as separateriiistatputs generated at the end
of the loading step. In the history output, thenber of contour integrals was specified as 5.
The accuracy of théIntegral and SIFs increases as the contours moag &om the crack tip.

Therefore, data was read for tH2ahd %' contours, and the others were disregarded.

Comparison between FEA and Experimental

The simulation results were consistent with thelltesrom the physical simulations. In
previous studies on distortion-induced fatigue Jtie material was found indicating which
type of stress indicator provides the best matchh® location of fatigue cracks. As previously
discussed, several types of indicators were evaduatthis study to identify the one that
provided the best match to experimental resu@@mparisons between computer and physical
simulations showed that cracks in the girder sudrabsies followed the maximum principal
stress distribution. This can be observed in &B. In Fig. 4-2, the specimen is not symmetric
about the vertical axis because of the cross-frelerents were attached to the connection plate
only on one side. This caused the girder subadgdmbe loaded asymmetrically, even though
the connection plate was symmetric with respetteagirder web.

One of the observations from the physical simuletizvas that although the
implementation of a retrofit measure in the bottwab gap of the specimen was effective in
preventing any further crack growth in the bottoebvgap, the weak point shifted to the top web

gap which was left untreated.
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White lines
show crack
locations

Figure 4-3: Crack growth comparison with maximum principal stress

Simulation results were consistent with that expental observation. In models in
which the girder subassembly was reinforced withahgles-with-plate retrofit only in the
bottom web gap the stress demands at the top webegaained very high, suggesting that a

fatigue crack was likely to form at that location.

Retrofits and Stress Reduction

Various retrofit measures were modeled to evalwdiieh one was most effective in
reducing the stress demand in the model, which dveiginify the most effective retrofit.

Retrofits studied included crack stop holes, bo#iedles to the web and flange and to the
connection plate and flange, and composite blocks.

Applying crack stop holes at the tips of crack¢hi& simulation did not lower the stress
demand at the bottom web gap, and therefore wesidsred to be a temporary stop-gap
measure that would not prevent further crack graiwt. 4-3). In the physical simulations it
was observed that after 14,000 cycles the cracitisged at the crack-stop hole drilled at both
ends of the bottom horseshoe crack. The randeeatdlculated stresses in both pictures ranged

between 0 — 276 MPa (0 — 40 ksi).
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Figure 4-4. Calculated stress demandsfor a) crack-stop holesretrofit and b) unretrofited specimen

(white lines show crack locations)

Bolting angles on both sides of the connectionepilathe bottom web gap to the web
and adding a back plate to the fascia side of #ie was shown to be an effective retrofit
measure (Fig. 4-4). The maximum principal streas greatly reduced in the bottom web gap,
but the high stress on the fascia side of the vesly the top web gap did not decrease.
Experimental observations of a specimen retrofittetthis manner showed that after 1.2 million
cycles, a distortion-induced fatigue crack initthtg the top web gap region of the subassembly.

A similar retrofit measure was studied, in whiclk #ingles were attached to the
connection plate and bottom flange. This configarawas also found to be very effective in
the simulations, but would be very difficult to abruct because the concrete deck in a real

bridge would have to be removed to attach bolthédlange.
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Figure 4-5: a) Retrofit location shown by thecircle b) stressdistribution in the bottom web gap ¢)

stress demand at the fascia side of web in top web gap

Another retrofit measure, consisting of attachingposite blocks to the bottom web gap
on both sides of the connection plate (Fig. 4-&salso evaluated. Tie constraints were used to
attach the composite block to the bottom flangdy,vaeisset plate, and connection plate. By
connecting all of these parts, the bottom web gap mstrained which significantly reduced the
stress demands. Composite blocks can be prefadatita have any size or shape needed to fit
the tight space in the bottom web gap. After #iea was repaired, the high stresses demands
shifted location to the weld connecting the boti&lement of the cross-frame to the gusset plate.

A larger composite block that covers this weld ddog used to relive the stress at this location.
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Figure 4-6: Calculated stress demand for composite block repair.

I dentifying Locations with the Highest Potential for Fatigue Cracks
The location of the largest maximum principal strdemands in the computer models
showed excellent correlation with crack locatioffig)(4-2) found in the girder subassemblies.
Figure 4-7 shows a simulation with crack stop holescations of the largest maximum
principal stress demands are shown in red and gragse areas were found to be in close

agreement with the location of observed crackbenghysical models.
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Figure4-7: Calculated stressfidd for model with crack-stop holes a) connection-plate side b) fascia

side

Conclusions
A suite of FE simulations was carried out to sttlty stress demand in the web gap region
of girders subjected to distortion-induced fatigligne main findings of the analytical

study were the following:

» Of the three crack modeling techniques, removiegnehts, XFEM, and contour
integrals, the XFEM crack modeling technique wassrtiost simplistic and effective
technigue because cracked domains did not have terbeshed and also because it is

not required for cracks to lie at the edge of eletsie

» Of the retrofit measures studied in the simulatitresmost effective were the angles-
with-plate and the composite blocks. Both wereadlgeffective, although the
angles-with-plate retrofit measure is likely torhest economical and simplest to

implement.
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CHAPTER 5. CONCLUSIONS

Three different studies were carried out to ingzde the potential for damage and to

develop and evaluate repair techniques for distofitnduced fatigue. The first study concluded

with the development of a new repair method, expenitally shown to be highly effective in

limiting further crack growth due to distortion-incked fatigue in bridge girders. Major findings

of the first study were:

The angles-with-plate repair was a very effectivethnod to reduce the
propagation rate of fatigue cracks in girders dasdduny distortion-induced
fatigue.

The angles-with-plate retrofit measure was effectivpreventing distortion of
the web gap region, drastically reducing stressattels calculated at the critical
points. Finite element simulations showed thasstidemands at the critical
points of the web gap region reinforced with thglas-with-plate repair were on

the order of 5% of those in the unreinforced camfagion.

The second study investigated the repair of fractnode-1 with CFRP overlays. Main

findings of the second study were:

Experimentally observed reductions in stress rategeand associated with the
bonding of overlays were consistent with those oheskin Finite Element
simulations.

Experimental results showed that bonding of preitabed multi-layered CFRP
overlays extended the fatigue-crack propagatiogslnf the steel specimens by as
much as 50 times. The observed increase in ftgack propagation life was

significantly higher with values ranging betweeid and 7.9 times reported in
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previous studies on aluminum plates, steel plated steel beams. The main

difference between the overlays used in this sami/those used in other studies

found in the literature is that the stiffness r&iwas significantly higher.

The third paper described the simulations techesqused to evaluate the
potential for fatigue damage and to perform preiany evaluations of effectiveness of various
retrofit measures to prevent further damage urategue loading. Major findings of the third
study were:

« Of the three crack modeling techniques evaluated,removing elements,
extended finite element method (XFEM), and contotegrals, the XFEM crack
modeling technique was the most simplistic andotiffe technique because
cracked domains did not have to be remeshed aradibedt is not necessary for
cracks to lie at the edge of elements.

* The most effective of the retrofit measures fotaison-induced fatigue damage
studied through FE simulations, were the anglek-piate and the composite
block retrofit measures.

For the two types of cracks evaluated, stressdietamputed using high-resolution FE
models showed good agreement between locationsatf firess demand and locations where
the cracks formed in the physical models. The isterscy between the two analysis shows that
the FE models developed using the techniques thestcim the last paper can be used effectively
to identify locations susceptible to fatigue damagel to evaluate the effectiveness of various
repair methods.

Experimental results showed that composite overidpsoperly bonded, are capable of

preventing further crack growth and achieving rumfatigue performance.
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The angles-with-plate repair was shown to be a eeonomical and effective method to
repair the web gap region of girders damaged kpdisn-induced fatigue. This retrofit
measure was also shown to be capable of achiewmguit fatigue performance, even though
crack-stop holes were not drilled at the tip of ¢hacks.

The research presented in the three papers proeidend very effective alternatives for
preventing and repairing distortion-induced fatigiaenage in steel bridges. These retrofit
technigues are valuable additions to the pool dhous already in use to mitigate this

significant problem.
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