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EXECUTIVE SUMMARY

Numerous retrofits have been used to stop disteitiduced fatigue cracks from initiating and
propagating in steel bridges. Some decrease estgfin the web gap region to transfer the load
path to an area of higher stiffness, while othecsaase the stiffness of the region to increase the
capacity of the flexible web gap. The behavioadiridge once a retrofit has been applied needs
to be carefully considered because some retrofatg cause cracks to initiate in other locations
or increase crack propagation rates. An analytingkstigation of numerous retrofits is
presented herein on a 2.7-m (9-ft) and a full kridgodel with comparisons to configurations
prior to retrofit application. This research igpented to extend the number of retrofit options to

bridge maintenance engineers.

This thesis is divided into three parts. ParElvéluation of the Performance of Retrofit
Measures for Distortion Induced Fatigue Using [eiiitement Analysis” was presented at the
joint conference of the National Steel Bridge Allt@ and the World Steel Bridge Symposium in
April 2012. The second part, “Finite Element MadgITechniques for Crack Prediction and
Control in Steel Bridge Girders” will be submittéat later publication. The final section,
“Repair of Distortion-Induced Fatigue Cracks on -B3543/44 over Chisholm Creek” is a

precursor to a final report that will be presertethe Kansas Department of Transportation.
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PART |: EVALUATION OF THE PERFORMANCE OF RETROFIT MEASURES FOR
DISTORTION |NDUCED FATIGUE USING FINITE ELEMENT ANALYSIS

T.l. Richardsoh F. Alemdaf, C.R. Benneft A.B. Matamoro$ S.T. Rolfé

Abstract

Many existing steel girder bridges designed prmitite mid-1980s were fabricated leaving a
flexible gap in the girder web, between the conimacplate of transverse cross frames and the
girder flange. These flexible web gaps are suskepto out-of-plane distortion damage due to
transverse forces induced by cross-frame forces e adjacent girder is subjected to a larger
deflection. Various retrofit measures have beearelbged to address this problem including the
drilling of crack-arrest holes, installation of séoned bolts, use of composite materials, back-up
stiffeners, and installation of steel angles t@clily transfer the forces from the connection plate
to the flange. All these measures are intende@&doaae the rate of growth of the cracks and to

prevent the further initiation of cracks.

This study focuses on evaluating retrofit measdogssteel bridges with distortion-induced
fatigue damage. Simulations using finite elemeatefs (FEM) were performed to analyze the
complex stress field that develops in the web-gmpon of bridge girders affected by distortion-

induced fatigue. The Extended Finite Element Meti¥€EM) was used to study the stress field
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in the web-gap regions of girders with existinggaé cracks and the potential for crack growth

after a retrofit measure has been installed.

Finite element models created using ABAQUS 6.10ewealibrated with experimental results
from 9-ft girder assemblies that were tested urfidiéggue loading. The calibrated models were
used to evaluate the expected performance of varneofit measures in terms of the effect of

the retrofit measure on stresses and the potdatiakisting crack growth.

Simulation results show that two newly developedrofé measures utilizing composite
materials and attaching steel angles to the commmeptate and web of the girder were the most

effective in reducing the potential for furtherifate damage.

Introduction

Background

Damage due to distortion-induced fatigue is a mwblcommonly found in structural steel
bridges built prior to the mid-1980s. This typefatigue damage often occurs in cross-frame-to-
girder connections, in an area called the web ggn, and is caused by the action of secondary
stresses neglected during the original design efsthucture. A web gap can be described as a
short length of a girder web bounded on one enthbygirder flange and on the other by the
termination of the cross-frame connection stiffenewhen the connection stiffener is not
attached to the girder flange, a short flexiblensegt of girder web is created between the
connection stiffener and the girder flange that tmrensfer the out-of-plane forces induced in
the cross frame to the slab or girder flange. prablem is exacerbated by the presence of
geometric discontinuities that give rise to stresscentrations in this region of the girder. Two

locations in the web gap that are particularly eudible to fatigue damage are the connection

2



stiffener-to-web weld and the flange-to-web welthe combination of high stress and geometric

discontinuities in these two locations often letthe formation of fatigue cracks.

When secondary stresses lead to cracking in thegaplbregion, bridge engineers are faced with
designing an appropriate retrofit measure to cotayldalt crack propagation or at least reduce
the rate of crack growth so the fatigue life of br&lge can be extended while other options are
pursued. A “toolkit” of existing retrofit technigs for distortion-induced fatigue are currently

available for this purpose, including drilling ckaarrest holes; stiffening the web gap region by
providing a direct connection of the stiffener witte flange; and softening the web gap region

through removal of material from the connectioffestier.

The most common measure applied to bridges witlguatcracks consists of drilling crack-
arrest holes at the tips of cracks. This techniguetended to eliminate the sharp termination of
the crack and replace it with a smooth radius, lavgecrack growth propensity by reducing the
stress-concentration factor. Expressions to calleihe diameter of crack-arrest holes have been
proposed (1) based on experimental results froel glates subjected to in-plane stresses (Eq.

1).

28 <100 (Eq.1)

In Eq. 1 the crack-arrest hole diamejerdepends on the stress intensity fadtgrand the yield
strength of the materiady. Although Eqg. 1 was not developed for out-of-jgldatigue loading
(1), crack-arrest holes proportioned with this eémumare often employed to temporarily halt the
propagation of fatigue cracks caused by distortnmiuced fatigue because the drilling of the

hole serves to eliminate the sharp tip at the ehth® crack. When cracks re-initiate and

3



continue to propagate, more holes are drilled, ltieguin a progressive weakening of the web
gap region. In a study performed by Fisher (&,dlameter of crack arrest holes varied from 19

to 76 mm (0.75 to 3in.).

Roddis and Zhao (3) performed high-resolution compsimulations to compare the relative
performance of introducing a slot in the connecstifiener, intended to reduce the stress at the
web gap by making the cross-frame-to-girder conaeamnore flexible, and a retrofit measure
consisting of welding the connection stiffener k@ tcompression flange, which reduces the
stress at the web gap by adding connectivity betvibe stiffener and the flange. In the case
study presented the authors concluded that thangjatetrofit measure was ineffective, and a
final repair was recommended in which the connecsitiffener was welded to the compression
flanges. While the geometry of the slot used bydks and Zhao (3) could have been modified
following the recommendations by Fisher (2) to ioya its effectiveness, FE results showed that
the reduction in stress at the web gap region &eocwith creating connectivity between the

stiffener and the flange was indicative of excdlleerformance.

Not all retrofit measures that rely on stiffeninigtloe connection lead to the same outcome. For
example, welding a connection plate to a tensiangé introduces a fatigue-vulnerable detalil

that may allow for reinitiation of a fatigue craekd propagation into a flange. To avoid this

type of damage, many State Departments of Traredpmrs (DOTs) have implemented a repair

that consists of adding connectivity by bolting dieuangles to the connection stiffener and the
flange. In cases where the fatigue damage iseatap of the web, this procedure can require
removal of a concrete deck, which is costly anduireg traffic disruptions. An alternative

similar retrofit involves welding the head of a bot piece of threaded rod to the inside face of



the flange, which allows bolting the flange to #@nnection stiffener without removal of the
deck. The main drawback of this technique is tihatay introduce a fatigue-vulnerable
connection at the weld between the threaded rodrentlange. Given the challenges inherent to
the repair of distortion-induced fatigue damagedhe a clear and immediate need to develop
retrofit measures that are cost-effective, easynstall, minimize the disruptions to ongoing
traffic, and most importantly, can be effectivehaitit introducing new vulnerabilities to fatigue

damage as a “side effect”.

Objective

The objective of this study was to evaluate thequerance of several retrofit measures for
distortion-induced fatigue in steel bridge girdbesed on analyses of high-resolution 3D finite
element models and tests of physical specimense sthpe of this study included examining
distortion-induced fatigue in the web gap regioradadteel bridge girder with non-skewed cross-
frames. The retrofits were primarily examined wile goal of identifying their effectiveness in
cracked girder geometry, with the exception of tlensverse back-up stiffener and web-to-
stiffener angles and backing plate retrofits, whisdre examined in both cracked and uncracked

configurations.

Research Approach

A two-pronged approach was adopted in this reseakckhoordinated study was performed
simultaneously using (1) detailed 3D FEA and (2ygital testing of steel girders under
distortion-induced fatigue loads. The two reseasdhniques were used in a complementary
manner. For example, results from FEA aided iremheining the locations of the physical

specimens that were most susceptible to distortidneed fatigue damage, and also provided a



basis for evaluating the relative performance ef ¥arious retrofit techniques. Measurements
from the physical specimens were used to calibtege=E model, so that model characteristics
such as the boundary conditions and the mesh gasmitd be refined to best represent the test
environment. To adequately describe the coordihafeort, some information concerning the

approach is necessary.

Experimental Test Set-up

The test specimens were proportioned such that weeg each 2,845-mm (112-in.) long with
web dimensions of 876 x 10 mm (34.5 x 3/8 in.).e Width of the top and bottom flanges was
279 mm (11 in.), with the top flange having a timeg&s of 25 mm (1.0 in.) and the bottom flange
width being 16 mm (5/8 in.). In the physical mqdék girder specimen was connected to the
laboratory floor through a series of channels pessioned to the concrete floor, as shown in
Figures 1 and 2. The girder was tested upside-dovith the laboratory floor simulating the
restraint offered by a concrete bridge deck. Tipeflange in the laboratory modeébp flangess)
reflected behavior for a discretely braced bottéande in a bridge girdebttom flanggidge)-
The top flanggsiwas restrained at both ends in the out-of-planection by angles connected
back to a stiff anchorage (a channel member orotlek frame), to simulate the restraint effects
provided by intermediate cross-frames and latelaige bending resistance of the bottom
flangepriagey Full-depth stiffeners were provided at the giréads to ensure web stability in

those regions.



Figure 2. View of fascia side
Figure 1. View of girder specimen of girder specimen

The specimen was tested cyclically using load abntvith the actuator applying a tensile force
with a maximum load of 205 kN (4.6 K) and a minimah356 kN (0.8 K). The load was
applied to the specimen through an assemblage esgdpof a WT section which was directly

connected to the actuator at the top, and directiynected to the cross-frame members.

Finite Element Analysis Approach

The specimen and loading apparatus were modelsgélglcas shown in Figures3 and 4, using
the commercially-available FEA software ABAQUS W®.1The concrete laboratory floor and
the girder tie-down system were simulated in thelel® Movement of the actuator in the lateral
or longitudinal direction of the girder was prewat In the simulation, the loading step was

divided into five increments, with a static load=oKips.



Figure 3. Overall view of girder FE model Figure 4. Cross-section view of girder FE model

Table 1. Material properties used in FE model

Material Modulus of Elasticity, [MPa (ksi)] Poisson’s ratio
Steel 200,000 (29,000) 0.3
Concret: 27,800 (4,03( 0.2

Carbon fiber reinforced polymervVaried between 34,500 — 69,000 (5,000- 1
(CFRP) 10,000)

The mesh in the web was determined based on théngtg to the web gap region. The mesh
near this region was very dense, with eight-nodekbelements sized at 2.54 mm (0.1 in.).
Further away from the web gap region the meshw&e9.53 mmgin.). Tetrahedral elements
were used to transition between these mesh sisds also contained hexagonal eight-node
brick elements, and were modeled as right triangleése mesh element size for welds was 2.54
mm (0.1 in.). Tie constraints were used to conmeatls to the web and flanges and the cross-

braces to the gusset plates. The number of degfdesedom in each model varied depending



on crack placement and retrofit configuration, saded from 1 million to 2.5 million degrees of

freedom.

Bolts were modeled explicitly, and were composedhoée merged parts: the shank, nut, and
head. The middle of the shank was partitionechabd bolt load could be applied to the interior
face. The head and shank of the bolt were condéotstructural elements using tie constraints.
The bolt load was determined based on the recomatiend in the AISC Steel Construction
Manual (4) based on the specific diameter of tHethat was used. Bolt tensioning forces were
applied in the second loading step of the compiteulations. The actuator load was applied in
the third loading step. Although the applied bold was removed in this step, the tension force
was maintained by keeping the contracted bolt leragtthe end of the second loading step
constant for all subsequent steps. This technimeatly simplified the model and decreased the
numerical complexity of the solution, yet still acmted for the tension force in the bolts. In
other areas, such as the channels connected tbott@m flange in the test set-up (bottom
flangees), bolts were not modeled. Instead, the channel® ied to the bottom flangg In

areas of greater interest, such as the bottom aplgactual bolts were modeled explicitly.

Three different techniques for modeling cracks weiezed: explicit modeling of the cracks, the
Extended Finite Element Method (XFEM), and contaantegrals. Differences in the
characteristics of the models and the types ofuistthat were needed dictated the selection of

the crack modeling technique.

Cracks were modeled explicitly by removing elemefitan the web. Crack width was

dependent upon the mesh density, so the mesh imghgap region was set to 0.6 mm (0.02 in.)



initially. The run time was longer than averagghase models because the mesh was required

to be very dense.

Cracks were also simulated through the use of #terifled Finite Element Method (XFEM). A

major benefit of this numerical method over explyjcmodeling cracks is that the finite element

mesh is independent of the crack geometry. Thisbeaadvantageous when a crack is allowed
to propagate in the XFEM simulation, and also beeailne crack does not need to align with
element boundaries. Enrichment functions are adalé¢lde approximation space near crack tips
(5). In XFEM simulations, the part containing aak was partitioned such that the area around
the crack tip could be selected for enrichment. ewh fixed area around the crack tip was
enriched, as opposed to just the nodes aroundrélc& tip, the rate of convergence was greatly

increased (5).

In the retrofits examined, a crack with a predefinength and no propagation was used for
retrofit comparison. In the XFEM simulations, dtaavere modeled as 3D planar parts and the
depth of the crack was set to the thickness ofdle, 9.5 mm (0.375 in.). One of the limitations
of the XFEM technique was that in many instancdgmcracks intersected a boundary between
model parts, the elements became distorted andrteks did not open. This limitation was
overcome by placing the cracks a very small diggafc25 mm (0.01 in.), away from the part
boundary. Enrichment functions could not be addeal crack tip that is located where elements
are not present. An example of this situation @ack truncating into a crack-arrest hole. In
this situation, explicit cracks were modeled incgleof the XFEM technique. When using
XFEM, J-Integral values could be obtained from eachck. J-integral results have been

presented alongside HSS results for Retrofit Gudised in the Results section.
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Finally, cracks were also simulated and analyzedgusontour integrals. This technique was
implemented to calculate contour integrals in treaaurrounding the tip of the cracks, such as
the J-integral, to be used as a measure of the potefatiatrack re-initiation in models with
retrofit measures. When this method was usedydiewas partitioned to have a small circle at
each crack tip. The diameter of the circle wasrbr (0.2 in.). The direction of crack growth
was specified by thg-vector, defined in terms of the starting pointloé crack and the crack tip.
For cracks below the connection plate tgr@ectors were specified, allowing both crack tips t
grow. After theg-vector was defined, a seam was placed in the wabhwfunctioned as the

crack. Theg-vector was defined to act in the direction of thecking paths noted in Figure 5a.

Evaluation of Crack Growth Propensity and Retrofit Effectiveness

When examining FE simulation results, it is impotted use meaningful comparative measures
of stress between models. Using maximum stresséiseameasure for comparison is likely to

provide an inaccurate comparison because it isitsenso mesh size, particularly in areas of

web gap regions with very large stress gradients.

Hot Spot Stress Technique

The Hot Spot Stress (HSS) technique was used totifjughe stress near welds and geometric
discontinuities. The two welds of particular irgstr were the connection stiffener-to-web weld
and the web-to-bottom flangg, weld. Two hot spot stress paths were definedafoture
maximum principal stresses in the regions direstiyounding those two welds. The paths were
located half the thickness of the web away fromheaftthe welds, and maximum principal
stresses were extracted from each element on the Jde greatest maximum principal stress

from each path was selected as the basis of cosgpawith HSS from other models. The
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magnitudes of the stresses obtained using the EISfigues are sensitive to mesh size and the
distance between the point of extraction of thesstrand the weld toe. A convergence study was
performed to determine the appropriate mesh sizbanweb gap region. Based on this study,

the mesh size of the web in the web gap regionseato 2.54 mm (0.1 in.).

Two different hot spot stress paths were considaretthis study: HSS1 and HSS2. When a
crack along the stiffener-to-web weld toe was mede{referred to as &orseshoe-shaped

crack, the HSS path used was labeled HSS1. The HS®BIlwzes defined at a distance of half
the thickness of the web away from the weld tod,the path was always parallel to the crack
geometry. If a crack was present along the tothefweld connecting the web to the flange
(referred to herein aslaorizontal crack, a HSS path was taken 5 mm (0.2 in.) away froen th
weld toe (in the web), parallel to the crack. Batkken parallel to a crack in the web-to-flange

weld were labeled HSS2.

Figure 5. (a) presents the location of the crac&deted, and Figure 5b shows the two HSS paths
considered in the bottom web gap. In scenarios where crack length was varied, crack®
symmetric about mid-thickness of the stiffener. afflcomparing retrofits with varying crack
lengths, the HSS path lengths were always kepttaots Therefore, the length of HSS2 was
maintained at 203 mm (8 in.) and the height of H8&htained at 102 mm (4 in.), regardless of
the crack length examined. This approach allowsdttie maximum principal stresses to be
extracted for every element along the two paththévarious models; the reported HSS value
for each path always corresponded to the greasdse \of maximum principal stress along that

path for the model being examined.
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Figure 5. (a) Diagram of modeled 4-in. long horsése-shaped crack and 8-in. long horizontal crack
geometry at weld toes; redlines represent modeledacks.; (b) Location of HSS extraction paths, HSS&and
HSS2, in the bottom web gags;

J-Integral

The J-Integral is a path-independent contour integrat aptures the energy released from a
crack when it grows (7). It estimates the enerdgased at the crack tip by selecting a path a
certain distance away from the assumed inelasfjiomepresent around the crack tip. In some
models, it was found that th&Integral was better suited than the Hot Spot Sti@$SS)
technique for comparing the effectiveness of ddfemretrofit measures because in some models
the mesh had to be redefined to accommodate th#ireheasure. For example, the web mesh
had to be redefined for angle-retrofit measures riguired bolt holes. Whehlintegral values
were calculated, the contour integrals were defetetthe tip of the crack. Five contour integrals
were defined at planes that intersected the cradkffarent points through the thickness of the
web, andJ-Integral values were extracted from the planeted@n the tension face of the web.
J-Integrals from the fifth contour were used for quarson because the energy tends to converge

with increasing number of contours.

ABAQUS calculates thé-integral in two ways. The first is by direct comtgtion using well-

established equations (1). The second is by cdiogléghe J-Integral on the basis of the stress-
13



intensity factors. In the web gap region wheretipld crack surface displacements are possible

(Modes I, I, and Ill), Equation 2 was used:

J :é(K,2 +K, 2) + K 2) (Equation 2)

1
26!
Where K,, K;, and Ky, are stress intensity factors corresponding to Madd, and IlI

displacementsE’ = E/ (1) for plane strainE is Young's modulusy is Poisson’s ratio, an@

is the shear modulus (7).

Experimental Results
Two specimens, designated Specimen 1 and Specimvear@ tested in the structures laboratory
at the University of Kansas. The results from ¢heso tests are discussed in the following

section.
Crack Initiation/Growth Sequence

In the first specimen (Specimen 1), a 38-mm (1.plong crack was fabricated 20 mm (0.8 in.)
below the connection stiffener-to-web weld. Th&em of fabricating a crack prior to loading
was to control the location and length of crackshatstart of the tests. Contrary to what was
expected, the crack tips grew down towards the todtange weld at the bottom flange, and

a second crack quickly initiated at the connecstffener-to-web weld. Figures 6 and 7 present
the simulation results for Specimen 1, with theeskpentally-observed cracking superimposed.
It can be readily observed that excellent agreemvesd observed between the maximum
principal stresses calculated with the finite elatmaodel and the experimentally observed crack

locations. It should be noted that the connedtidfener was removed from view in Figure7.
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Based on the findings from the first physical test, pre-existing cracks were fabricated in
Specimen 2. The first crack that formed in Speai@evas found at the connection stiffener-to-
web weld. After the formation of this crack, thetiom flanggesi-to-web weld developed a

horizontal crack that quickly propagated.

White lines
show crack
locations

Figure 7. View of maximum principal stress contoursn the
cracked web gap region in the finite element modelf
Figure 6. Overall view of specimen, with Specimen 1. Superimposed white lines represent
bottom web gage.s; shown by the circle. experimentally-observed cracks locations.

Finite Element Analysis Results
Unretrofitted Performance

In simulations of unretrofitted, uncracked modetsywhigh stresses were found at the toe of the
weld between the web and the connection plate (EggBa and 8b). On the fascia side of the
girder, in the bottom web gap of the specimen, r@a af high stress was found at the web-to-
bottom flanggesyveld. Cracks formed in both of these areas inbibi.om web gap during the
experiment. In Specimen 2, horseshoe-shaped cfask$ormed at the toe of the connection

stiffener-to-web weld, followed by cracks at the bate-bottom flanggs) weld. The
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experimentally-observed crack pattern was in chggeement with locations of peak maximum
principal stress calculated with the FE models. Sipecimen 2, the horseshoe-shaped and
horizontal cracks were allowed to grow to 102 mnngtand 203 mm (8 in.), respectively. This
particular crack configuration was modeled, anddases of 4.5x and 25x% were calculated for
the magnitudes of HSS1 and HSS2, respectively, wberpared with computed values from the

uncracked configuration.

A small region of high stress was also noted inttdpeweb gap on the fascia side of the web
during simulations of unretrofitted specimens. iDgrthe test of Specimen 2, cracks were

observed in the top web gap after cracks had initiated and propagated in thiéobo web

gaRtest)
Retrofit Measures

A series of retrofit measures were investigatedlydically, some of which were also
investigated experimentally. Retrofit measuresuBsed herein include (1) use of crack-arrest
holes, (2) installation of tensioned bolts in crackest holes, (3) use of transverse back-up
stiffeners, (4) composite blocks, (5) bolted angéssinecting the stiffener to the bottom
flangegesyy, and (6) bolted angles connecting the stiffeneth®oweb along with a steel backing
plate. Of these techniques, retrofit measuresaiitl)(6) were also applied to test specimens. All

techniques are addressed in the following discuassio
Retrofit Measure 1: Crack-Arrest Holes

Retrofit measure 1 was studied both analyticallg erperimentally. In the physical Specimen

2, two 19 mm Y.in.) diameter crack-arrest holes were drilled at tips of the 102-mm (4-in.)

16



horseshoe-shaped crack along the connection pkltk amd also at the tips of the 203-mm (8-
in.) horizontal crack along the bottom flange welthe holes were drilled as close to the crack
tips as possible to remove the sharp crack tipsome cases, portions of the connection plate-to-

web weld had to be removed to achieve this endtresu

This retrofit measure was modeled in the simulatj@md is shown in Figures 9a and 9b. Cracks
were modeled explicitly with a thickness equal t® @lement width, which was set to 2.54 mm
(0.1 in.). The stress distribution in Figure9b skotlat there were very high stresses in the
immediate vicinity of the crack stop holes, alohg tonnection stiffener weld. The calculated
value of HSS 1 decreased by 38% after the holes welled. Although the reduction in the

stress was meaningful for HSS 1, the calculatezsstin the model without the crack stop holes

was so high that the reduction in stress was noé&ed to prevent cracks from re-initiating.

In Specimen 2, cracks indeed re-initiated a red¢dyigmall number of cycles after the holes were
drilled, which was in agreement with results frame tomputer simulations. The length of the
horseshoe-shaped crack before the crack-arrest hv@ee drilled was 102 mm (4 in.), and after
the holes were drilled, the horseshoe-shaped gek to 70 mm (2.75 in.) in 39,700 cycles. A
photograph depicting the crack pattern and craoésathole placement is provided in Figure

9.(c).
Retrofit Measure 2: Tensioned Bolts and Square \fash

Retrofit measure 2 was studied analytically. Irstbase 19-mm (0.76.) diameter tensioned
bolts were inserted into the crack-arrest holes Wit intent of applying a compressive stress to
the crack tip. A view of this retrofit on the fas@nd interior of the web is shown in Figurel0.

In addition to tensioned bolts, 25 x 25-mm (1 xJ)-square washers were added to the fascia
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side of the web to investigate if the compressivess could be distributed over a larger area. It
was found that neither method significantly reduttezlstress at the connection stiffener-to-web
weld. Also, it should be noted that this type etrofit is not possible to construct for all crack

configurations because a bolt cannot always fig@gometrically constrained areas. In these
simulations, this retrofit was possible only whie track was at least 38 mm (1.5 in.) below the

weld toe.

Max HSS 1

2'101/2"

Max HSS 2
5/8"

(@) (b)

Figure 8. (a) Schematic of unretrofitted web gapegion; (b) Maximum principal stress contour plot fa
unretrofitted web gap region (no cracks modeled); @ows point to point of highest maximum principal sress
along HSS Paths 1 and 2.
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Figure 9: Retrofit measure 1: drilled crack-arrestholes (a) Schematic of drilled crack-arrest holesyhere
redlines represent hot spot paths; (b) Maximum priripal stress contour plot (cracks modeled expliciy);
arrows point to point of highest maximum principal stress along HSS Paths 1 and 2; (c) Photograph of
cracking pattern on fascia side of girder. Horsesbe-shaped cracking is visible, horizontal crack halseen
highlighted in yellow.

Max HSS 2

(b)

Figure 10. Retrofit measure 2: Tensioned bolts (a)iew of stress contour plot for interior face of gder; (b)
view of maximum principal stress contour plot for fascia side of girder; cracks modeled explicitly; alows
point to point of highest maximum principal stressalong HSS Paths 1 and 2.
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_—— Milled to Bear

334"

2'10 1/2"

" Milled to Bear

(a) (b)

Figure 11. Retrofit measure 3a: (a) Schematic of fudepth transverse back-up stiffener; (b) Maximum
principal stress contour plot for full-depth transverse back-up stiffener; cracks modeled using XFEM

Milled to Bear

@) (b)

Figure 12. Retrofit measure 3b: (a) Schematic of ptial-depth transverse back-up stiffener; (b) Maximum
principal stress contour plot for305-mm (12-in.) patial-depth transverse back-up stiffener; cracks maleled
using XFEM
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Max HSS 2

(b)

Figure 13. Retrofit measure 4: (a) Schematic of maded geometry for the CFRP block (b) Maximum
principal stress contour plot for steel beneath coposite block; Cracks modeled explicitly. Arrows pint to
point of highest maximum principal stress along HS®aths 1 and 2.

Figure 14. Retrofit measure 5: (a) Schematic of hied stiffener-to-flange double angles modeled; (b)
Maximum principal stress contour plot showing weldd bolts at inside face of flange.

Retrofit Measure 3: Transverse Back-up Stiffeners

Retrofit 3 was studied analytically, and two difat back-up stiffener geometries were
considered. The first was a full-depth back-ugfesier welded to the web, with bearing
interaction between the stiffener and the top aotion flangeges) which is shown in Figure
11. In the simulations, bearing was achieved lagipg a hard contact interaction between the
flangesgesyand the stiffener. When comparing models thatuaretrofitted with a 102-mm (4-

in.) horseshoe-shaped crack and an 203-mm (8-emizdntal crack versus models that have the
21



same crack configuration and are retrofitted witnleback-up stiffener, it was found that HSS1
decreased by 85% and HSS2 decreased by 60% adtesttbfit. It is interesting, too, that if the
stiffener was added before cracks formed (i.e.d s a preventative measure), HSS1 values

decreased by 13%, but HSS2 increased by a factit.of

The second back-up stiffener considered was patépth [305 mm (12 in.)] and was welded to
the web with a hard contact placed between thefoftanggesyand the transverse stiffener.

This second configuration can be seen in Figure @@mparing a cracked, unretrofitted
simulation to a cracked, retrofitted simulation lwa partial depth stiffener, it was found that

HSS1 and HSS2 decreased by 76% and 36%, respgctitelr the retrofit.

The stress in the bottom web gag was allowed to transfer to the backup stiffenerdoth
configurations. Although HSS1 and HSS2 saw a 8ligireater stress reduction with the full
depth stiffener as compared to the partial deptfeser, it should be noted that a localized high
area of stress occurred in the weld along thedfegith stiffener near the top flanggg, which did

not occur in the partial depth stiffener.

Retrofit measure 4. Composite Block

Retrofit 4 was studied analytically on a crackeddelo The crack was modeled explicitly as
having a length of 64-mm (2.5-in.), and was locaB®dmm (0.8-in.) below the connection
stiffener weld. A 127x114x114-mm (5x4.5x4.5-ingngosite block was designed to fill the
entire web gap region, as shown in Figure 13. cbrestraints were used to attach the composite
block to the surrounding steel members in the wegb rggion. The modulus of elasticity of the
composite block was varied from 34,500 to 68,950aM®,000 to 10,000 ksi) to evaluate which

most effectively reduced the stress in the bottagb gap, and to test the sensitivity of the stress
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in the web gap region to the stiffness of the CHR#&terial. It was found that varying the

modulus of elasticity changed the HSS values irsthel substrate by less than 0.5%.

Parts made out of composite materials can be metunél to have different sizes and shapes,

and tailored to suit a given geometric configunmatiolhe stress field in Figure 13(b) shows that

significant stresses remained in the steel sulesaathe weld between the cross brace and the
connection plate after the composite block waslacg This deficiency could be addressed by

manufacturing the composite block to extend overdioss-brace-to-gusset weld. Despite the
high stresses at the cross-brace-to-gusset wedd,maiximum HSS1 in the region directly

covered by the CFRP material was reduced by 93%.

Retrofit measure 5: Bolted Stiffener-to-Flange Asgl

Retrofit measure 5, studied analytically, consistétivo angles bolted to the bottom flagpge

and welded to the connection stiffener with geoynat shown in Figure 14(a). This retrofit in
an actual bridge would often require drilling thgbuthe concrete deck to install the bolts, which
is not a simple solution. To avoid drilling thrduthe deck, bolts or studs may instead be welded
to the inside face of the top flanggqey This retrofit was applied in a simulation witl64-mm
(2.5-in.) crack, modeled explicitly, which was pac20-mm (0.8-in.) below the connection
stiffener-to-web weld. It was found that HSS1 @esed by 95% in the web gap region after
application of this retrofit, but a new fatigue peodetail was introduced at the stud weld. This

phenomenon can be noted in Figure 14(b).

Retrofit measure 6: Bolted Web-to-Stiffener Angles Backing Plate
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Retrofit measure 6 was studied both analyticallgd @xperimentally. This retrofit measure
consists of bolting two angles to the web and cotioe plate, one on each side of the
connection plate (Figure 15a; Figure 15c). A baghklate was also bolted to the fascia side of
the web to distribute stress away from the bottoeh \gapes) (Figure 16(a); Figure 16(c)). As
discussed in the following, thicknesses of the biaekack steel angles and the back plate were
varied to investigate the impact of the stiffneSthe structural components on the stresses in the
web gap area. In the simulations, all parts wemneoted through 19-mm (0.75-in.) diameter
A325 bolts. Shims were used on both sides of dmnection plate to avoid interferences with

the welds.

L6x6x3/4 angles and a 457x203x19-mm (18x8x0.75kacking plate were modeled to reflect
the dimensions of the retrofit elements used inptsical simulations. In this model, there was
a 102-mm (4-in.) horseshoe-shaped crack and a 2038¥in.) horizontal crack in the bottom
web gapesy, dimensions that were consistent with the cracigtles achieved in the physical
simulation of the specimen before it was retrofittéStresses in the web gap region decreased by
98% for HSS1 and 91% for HSS2after application etfafit method 6, compared with the
unretrofitted case with a 102-mm (4-in.) horsesklbaped crack and a 203-mm (8-in.) horizontal
crack. Maximum principal stress contours on therior of the girder can be seen in Figure 15b,

and maximum principal stresses in the web undeb#lo&ing plate are presented in Figure 16b.

The angle thickness, backing plate thickness, dred backing plate length were varied to
determine the effect of the retrofit dimensionsheTthicknesses of the members were varied
from 6 to 25 mm (0.25 to 1.0 in.), and the lengththe backing plate was varied from 3045to

914 mm (12 to 36 in.). Models in which the angid dack plate thicknesses were 25 mm (1 in.)
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were designated asddiff (s) combination. When both thicknesses were 13 mm if@) the
combination was designated m&dium-stiff (m) The retrofit was designatdidxible (f)when
both thicknesses were 6-mm (0.25-in.) thick. Ottmmnbinations were also considered, in which
the backing plate thickness was different from &imgle thickness. Computed stresses at the
bottom web gagsare listed in Table 2 for various stiffness combmes of retrofit measure 6.
When a flexible combination was used, the HSS wloehe web gap were found to be more
than twice as great as those calculated for aciifibination, although in all models the stresses
were significantly lower than for the model withdbe retrofit. The variation in HSS between
the various stiffnesses of retrofit measure 6 @ugount for approximately 5% of the maximum

unretrofitted HSS.

Table 2. Comparison of HSS values for different reofit stiffnesses for models with a 102 mm (4 in.)
horseshoe-shaped crack and a 203 mm (8 in.) horizah crack; Back plate length held constant at 18 in

HSS 1 HSS 2
Model Name MPa (ksi) MPa (ksi)
1” thick 23 (3.0) 58 (8.3)
0.5” thick 60 (8.6) 45 (6.5)
0.25" thick 68 (9.8) 55 (8.0)

Max HSS 1

\

Max HSS 2

(b)
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(c)

Figure 15. Retrofit measure 6: (a) Schematic of teofit 6 (interior view); (b) Maximum principal str ess
contours in the web gap region with the angles renved from view; arrows point to point of highest
maximum principal stress along HSS Paths 1 and 2Cracks were modeled with XFEM and contour

integrals. (c) Photograph of interior side of girar with stiffener-to-web angle and backing plate reofit.
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Figure 16. Retrofit measure 6: (a) 457-mm (18-inohg) backing plate on exterior side of web; (b) Maxnum
principal stress contours on the exterior side of wb with the back plate removed from view; arrows pt to
point of highest maximum principal stress along HS®aths 1 and 2. Cracks modeled using XFEM and
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analyzed with contour integrals. (c) Photograph fsteel backing plate on fascia side of girder.

When comparing the HSS values for each model, $tfwand that if the backing plate thickness
was kept constant at 25 mm (1.0 in.) (the greataskness within the range analyzed), the
thickness of the angles had a negligible effecstmess. The opposite also held true; when the
angle thickness was kept constant at 25 mm (1)Qthee calculated HSS was insensitive to the
thickness of the backing plate. Therefore, it ¥easd that choosing the stiffest option for the

angle, the backing plate, or both would providedgheatest reduction in the computed stress.

The effect of crack length on the effectivenessraifofit measure 6 was also analyzed by
comparing the computed HSS values. In additionntaacracked configuration, crack lengths
studied were 13 mm, 25 mm, and 102 nifif., 1.0 in., and 4.0 in.) for the horseshoe-stape
crack, and 13 mm, 25 mm, and 203 mia in., 1 in., and 8 in.) for the horizontal crackhe
longest crack in both series, 102 mm and 203 min.(dnd 8 in.), for the horseshoe-shaped and
horizontal cracks respectively, were not equal bsedhey were chosen to represent actual crack

lengths measured in the physical model at the étitkoexperiment.

The effect of crack length on HSS was as follow$eW stiff angles or a stiff back plate was
used, the maximum HSS1 occurred when there weauks present. If both a stiff angle and
plate were used, HSS1 values decreased slighttiieasrack length increased, and eventually

stabilized.

Figure 18 and 19 show that HSS 2 and the J-Intexfaibited common trends as the horizontal
crack lengthened. In both figures, a 25.4-mm (}L4hick back plate was applied, while the
thickness of the angles was varied. HSS2 increabghtly as the crack lengthened, up to a
crack length of 13 mm — 25 mmV{in. — 1 in.), at which point stress in the hori@drcrack

27



decreased with further increase in crack lengthesg findings are important because they shed
light on the effect of crack growth on stress wltlea retrofit is implemented. For the crack
lengths studied, it was found that configurationthwntermediate crack lengths of 25 mm (1.0

in.) at the web-to-bottom flangg; weld produced the greatest demands on the retrofit
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As mentioned, the bolted web-to-stiffener anglethwviiacking plate retrofit was modeled on
cracked and uncracked specimen geometries to eraimneffectiveness of the retrofit if used
as a preventative measure. It was seen that H8f8l 2 values were similar in magnitude when
comparing retrofitted models with various crackgts to a retrofitted, uncracked model. When
25 mm (1 in.) thick angles and backing plate wesed, the uncracked configuration saw an
HSS1 value of 60 MPa (8.7 ksi), while the modelhwat 102-mm (4-in.) crack had an HSS1
value of 38 MPa (5.5 ksi). Similar results wererfddor HSS2. The web-to-stiffener angles and
backing plate retrofit exhibited a high level ofests reduction for both HSS1 and HSS2 in the
web gap region for both the uncracked, retrofiteatd the cracked, retrofitted scenarios.
Therefore, this retrofit shows merit as a preengtetrofit technique as well as a post-cracking

retrofit technique.

Figure 19. Maximum principal stress contours in aruncracked model with stiff web-to-stiffener anglesand
backing plate (Retrofit 6) applied.

Conclusions
A study was carried out to evaluate the effectigsnaf various retrofit measures for repairing
distortion-induced fatigue damage in steel bridgdeays. Results from computer and physical

simulations have led to the following conclusions:
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1. When comparing an uncracked, unretrofitted con&gan with an unretrofitted simulation
containing a 102 mm (4 in.) horseshoe-shaped caacka 203 mm (8 in.) long horizontal
crack, HSS1 (path parallel to the web-to-stiffemezld) and HSS2 (path parallel to the
flange-to-web weld) demands increased by 4.5x abBd, Zespectively, after cracks
developed. The areas of high stress moved fromwtbld toe (uncracked, unretrofitted
model) to the tips of the cracks (cracked, unrétezf model).

2. Computer simulations showed that the web-to-stéfeangle retrofit (retrofit 6) and the
composite block (retrofit 4) were the most sucadsaf reducing the calculated stress in the
bottom web gap region. Computer simulations of el®avith retrofit measure 4 (composite
block) reduced the HSS1 by 93%. The calculatedstre the bottom web gap for retrofit 6
with a stiff angle and backing plate reduced HS§19B% and HSS2 by 91%, for a
configuration with a 102-mm (4-in.) horseshoe-sloaged 203-mm (8-in.) horizontal crack.
3. The web-to-stiffener angles and backing plate fetfeetrofit 6) exhibited a high level of

stress reduction for both HSS1 and HSS2 in the gegbregion for both the uncracked,
retrofitted and the cracked, retrofitted scenaridberefore, this retrofit shows merit as a
preemptive retrofit technique as well as a postiaray retrofit technique.

4. For retrofit measure 6 (stiffener-to-web angles adadking plate), configurations with
either the angles or the backing plate as stifhelats (or both as stiff elements) produced
the greatest reduction in stress at the web gaprreg

5. Drilling of crack-arrest holes (retrofit measure &i the ends of cracks resulted in
negligible reductions in hot spot stress in the wgap region, and the general state of

stress in the web gap region remained very sigmfic The poor performance of this
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retrofit measure in the computer simulations wasatmrated by reinitiation of cracking
in the physical specimen after only 39,700 cycles.

6. Installation of a tensioned bolt and plate washesrack-arrest holes (retrofit measure 2)
had a negligible effect on stress in the web gagpore and was concluded to be
ineffective.

7. The full depth back-up stiffener reduced the stiasthe web gap region more than the
partial depth back-up stiffener, but correspondét & very localized stress increase on

the fascia side of the web near the top flange

The primary goal of this study was to evaluatertiative performance of retrofit techniques for
distortion-induced fatigue in steel bridge girdefsie study showed that the use of angles to
attach the connection stiffener to the web with #iuglition of a backing plate significantly
reduced stresses in the web gap region. This ismpartant finding, because this technique is
expected to be inexpensive and easy to instalhénfield, without significant disruptions to
traffic or removal of a concrete deck. Findinggaming the effectiveness of the retrofit
technique with various levels of stiffness showleal tas long as one of the two element types
used in the retrofit (angles and backing plate)engrosen to be stiff, the retrofit was insensitive
to variations in stiffness in the other elemenhisTimplies that this type of retrofit measure may
be effective for many bridge configurations withnimal tailoring for the specific bridge in
which it is implemented. It should be noted thadliadnal study in this area is warranted and

ongoing before implementation is recommended.
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PART II: FINITE ELEMENT MODELING TECHNIQUES FOR CRACK PREDICTION
AND CONTROL IN STEEL BRIDGE GIRDERS

T.1. RICHARDSON', F. ALEMDAR?, J.C.PrzYWARA®, C.R.BENNETT*, A.B. MATAMOROS?, S.T.
ROLFE®

Abstract

This paper focuses on methods for accurately piedidocations of cracking in steel bridge
girders subjected to distortion-induced fatiguengsiinite element (FE) analysis techniques.
Additionally, techniques discussed are appropfiateuantitatively evaluating the effectiveness
of various fatigue retrofits. In this study, difé@t FE modeling techniques are discussed,
including the Hot Spot Stress (HSS) technique asel af Extended Finite Element Modeling
(XFEM) algorithms for identification of crack indtion locations and crack propagation paths.
The subject of this study includes a 2.7-m (94ndth of steel bridge girder, before and after
various fatigue retrofits. The girder was modelsthg ABAQUS 6.10, and modeling results
were compared to laboratory tests of identical r8.79-ft) steel girders tested in distortion-
induced fatigue. Retrofits studied computationalyd experimentally included bolted steel
angles with a backing plate and crack-arrest hd\dsetrofits were studied analytically. The
simulation and the experimental results were indg@agreement as to locations of crack
formation. TheJ-Integral, Stress Intensity Factors (SIF), and H8S technique were used to

measure the likelihood of crack growth before after aetrofits were applied.
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Introduction

Welded steel bridges built prior to the mid-198Gsmmonly experience cracking due to
distortion-induced fatigue. One particularly systdde detail where fatigue cracks often form is
the web gap region, which is located at the interfaetween the connection plate, web, and
flange. This fatigue detail was developed to awselding transverse stiffeners to the tension
flange. The result of this practice is the creatad a slender segment of web, bounded by a
flange on one boundary and a connection stiffemethe other. Secondary forces transmitted
through cross-frames or diaphragm members mustasferred through this delicate web gap
region, which also includes a series of geometiscahtinuities due to the presence of welds.
Out-of-plane movement in the web gap region ovemyrlaad cycles is referred to as distortion-
induced fatigue (Fisher 1984).

Repair of cracks occurring in web gap regions magproached in a variety of manners
(Fisher 1984; Zhao et al. 2007), and the effectgsnof retrofit selection has shown to be
sensitive to the local and global geometry and l&yd the bridge (Hassel et al. 2012; Hartman
et al. 2010). Studies focused on examining rette@ihniques for details subjected to distortion-
induced fatigue have generally concluded that iidial bridges should be analyzed on a case-
by-case basis to determine the most appropriatefiteapplication. Cracking usually does not
occur in an isolated location in a bridge, but wélhd to occur at many similar details repeated
throughout the structure. Because of this, thaireyf a bridge experiencing distortion-induced
fatigue is usually an expensive undertaking. Tioees bridge owners are justified in seeking
advanced analysis of a bridge that is planneddtgde rehabilitation. Bridge owners may also

seek an advanced analysis of a bridge to deterfatigue susceptibility or remaining fatigue
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life; nominal stress approaches that are meaninigiulplanar loading are not applicable to
complex fatigue details subjected to both in-pland out-of-plane stresses.

Advanced analysis of a bridge aimed at developmeféective fatigue retrofit scheme or
assessing remaining fatigue life usually reliestbe use of 3D finite element analysis and
physical measurements. Little advice exists eliterature to ensure that meaningful output is
obtained from a finite element analysis to deteerfatigue susceptibility. Capabilities of finite
element analysis software have increased greatigcent years with respect to direct simulation
of fatigue crack initiation and growth (e.g. theténded Finite Element Method (XFEM)), and

little discussion of applications of this technidue/e been found in the steel bridge literature.

Background

The overarching goal of research described in phiser was to evaluate various retrofits for
effectiveness in reducing fatigue crack propensitysteel bridges susceptible to distortion-
induced fatigue. To aid in addressing this largeal, the ability to accurately model fatigue
cracks, capture realistic stress distributions, igeatify appropriate measures for fatigue crack
propensity in steel bridge girders was deemed assy.

The specific objective of this study was to evatuaarious modeling techniques and
guantitative measures for appropriateness as agrteaassess fatigue susceptibility within a
series of finite element models. The scope of tiigdy involved quantifying fatigue
susceptibility utilizing detailed three-dimensiomalmputational simulations correlated with the

behavior of experimental specimens.
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Crack Prediction Using Finite Element Modeling

Four retrofits were studied to determine which dased the likelihood of crack growth
the most. Retrofits included: (1) crack-arrestelso{2) web-to-stiffener angles with a backing
plate (3) stiffener-to-flange angles and (4) conmgolslocks. All retrofits contained a 102-mm
(4-in.) long crack along web-to-stiffener weld am@®04-mm (8-in.) horizontal crack along the
web-to-bottom flange weld. The third and fourthraéts modeled a 64-mm (2.5-in.) long
horizontal crack 15-mm (0.6-in.) below the web-tdfsner weld. This crack was first placed in
experimental specimen one to assure where a craaldviorm, and to have direct comparisons
between specimens. It was found that cracks forqmecdkly in the experimental model, and
cracks were no longer drilled in other specimefibe crack-arrest holes required the cracks to
be modeled explicitly since the crack tip wouldnérate within the drilled hole. The web-to-
stiffener angles with backing plate retrofit modkthese two cracks using XFEM techniques.

The HSS technique has often been used in the dmvaluaE off-shore platforms and other
engineering fields, but it has not been appliedld¢termine fatigue life of steel bridges. This
method is effective at determining stress near ggendiscontinuities found near welds and is
more accurate than the nominal stress approacle downside of this method is its sensitivity
to mesh size (Roddis, 2010).

The J-Integral and SIFs are measures often used irefel@ment models to determine if
a crack will grow (Zhu, 2010). SIFs can be acalyatletermined by using the boundary finite
element method (BFEM). These values for diffemaoides of crack surface displacements are
then converted to th&Integral. Mode | crack displacement occurs wheatk surfaces open
perpendicular to each other in opposite directiol®de Il crack displacement is when the two
crack surfaces slide over each other perpenditoltire length of the crack. Finally, a mode Il

36



crack displacement is the tearing mode. In thislenthhe crack surfaces slide over each other in
a direction parallel to the length of the crackrd®sn and Rolfe, 1999).

Cook et al. (2002) explained that the finite eletnamalysis software ABAQUS
calculates th@-Integral as positive, but then the value is lathgdesitive or negative to describe
crack opening behavior. Examining nodal displag#sat the corners of the cracks will tell if a
crack is opening or closing in a given directidhthe displacement is positive, then the crack is

opening and théd-Integral is positive. If thd-Integral is negative, then the crack is closing.

Modeling Methodology

Detailed three-dimensional FE models were creat#guABAQUS 6.10. The elements used

for modeling the web were eight-node solid brickneénts, each having 24 degrees of freedom.
The mesh in the web was denser in the bottom gmevéd gaps where cracks were expected to
form. A dense mesh increased the accuracy of theeemhowever, this caused the run-time to

increase significantly. The mesh size in the botieeb gap was 0.6-mm (0.023-in.), and the

mesh size was 9.5-mm (3/8-in.) outside of this .afBstrahedral elements were used to transition
between these two mesh sizes.

All materials were modeled as isotropic and linglastic. The modulus of elasticity for
the steel was set to 200,000 MPa (29,000 ksi) ardsen’s ratio was 0.3. The modulus of
elasticity for the concrete was 27,780 MPa (4,080 &nd Poisson’s ratio was set to 0.2. When
composite material was included in retrofit simigas, it was assigned a modulus of elasticity
of approximately 34,500 MPa (5,000 ksi) with a Borss ratio of 0.1.

In the simulations, both the concrete floor and skees of channels were modeled to

mimic the physical test set-up used in the laboyat@wo channels running parallel to the girder
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on both sides were used to connect the channetsngiperpendicular to the girder which were
connected to the concrete strong floor. Both thayaical and physical specimens can be seen

in Figure 1.

(a) G
Figure 1(a.) Detailed finite element model of the.Z-m (9-ft) girder and (b.) the physical specimeni¢d to the
laboratory floor.

Angles were included in the model at both enddeftop flange to apply restraint to the
girder and to mimic the middle section of a bridgeler. The opposite ends of the angles were
bolted to a 3500-mm (138-in.) long MC 12x50 sectidrich was attached to the loading frame.
These elements were included in the simulationd, ten constraints were used to attach the
angles to both the top flange and the MC chandeB-mm (3/16-in.) fillet welds were used to
attach the flanges to the web and cross-frame menmbegusset plates that were in turn bolted to
the connection plate. Tie constraints were usezbtmect the fillet welds to these parts. Welds
were modeled as right triangles and each conswtéetxagonal 8-node brick elements with a
mesh size of 2.54-mm (0.1-in.).

Initially, bolts and threaded rods were used toneamh the channels to the concrete
laboratory floor and the steel girder. Later, demions used tie constraints instead of bolts to

attach these parts. Similar results were foundnwieng bolts or tie constraints, and the run-
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time greatly improved when applying tie constrainits the majority of the models examined, tie
constraints were utilized for this connection.

The actuator was modeled as an 86x86-mm (3.4x3.4quare with a length of 584 mm
(23-in.), with the ability to move vertically. Css-frame elements were attached to the actuator
through a WT267x700-mm (WT210.5%x27.5-in.) by utiligi tie constraints. The cross-frame
elements were connected to the girder specimery dglly-tightened bolts. The load applied to
the actuator part was specified as a 22.2 kN (5)kgnsion load.

Tensioned bolts were modeled by merging the headnam to the shank, and threads
were not modeled. The middle of the shank wasitperéd so that an interior surface was
present. A bolt tensioning step was created dfterinitial Step, in which a bolt load was
applied to the interior face of the shank. In twad Step, the bolt length was kept constant.
Greater detail in regards to bolt modeling candasmél in Appendix B.

Tie constraints were used to connect various paittin the models; these constraints
ensured deformations were equal between a mastecsuand a slave surface. Sliding and
intersection of one part into another was preveig@pplying tie constraints which provided
full connection between nodes. Load transfer fthenactuator to connecting elements was kept
in mind when selecting master and slave surfadé® first member near the actuator load was
the WT, and the cross braces were framed into tiie Wherefore the WT was selected as the
master surface and the cross braces as the sMedel run-time was optimized when both the
slave and master surfaces were partitioned to dsdme size and also when the master surface
was defined to have a coarser mesh than the slave.

When greater levels of accuracy were requiredracteons were used to allow parts to

slide against each other. An interaction propevas created which specified a surface-to-
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surface penalty hard contact and friction coeffiti®f 0.35 in the tangential and normal
properties. Interactions were defined between dhgle, web, and shims for the model
containing the angle retrofit to prevent the pdirtsn intersecting each other and to allow for
friction. Another interaction was created in tlog tweb gap to allow for bearing interaction

between the connection plate and the top flange.

Crack Modeling Techniques

Three modeling methods were used to simulate crackise analytical specimen. The
first and most simplistic method was to model cgekplicitly by removing elements. The
second technique involved seams. Finally, craclkewmodeled using XFEM. More
information regarding crack growth propensity wdsamed when modeling cracks through

seams and XFEM than when modeling cracks explicitly

Explicit Cracks

Cracks were first simulated in the finite elemerdd®ls by removing a thin section of
elements in the web. The mesh density in the botteb gap area contained 0.6 mm (0.023-in.)
hexagonal elements so that the crack width woulcedpgal to this small element size. The
accuracy of modeling cracks in this manner was ni@get upon the mesh size. When using this
crack modeling technique, cracks were not ablertavgpr initiate. Other useful information
pertaining to the crack such as thintegral and SIFs could not be obtained becaussethalues
can only be determined when modeling cracks thraxggttour integrals or XFEM. In the first
experimental specimen a 64-mm (2.5-in.) horizoatatk was explicitly placed 15-mm (0.6-in.)

below the stiffener-to-web weld to assure wherediaek would be between specimens. It was
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found that with the load applied, cracks would faymckly without the need for a pre-existing
crack.

Seams

The second crack modeling method inserted seanes.fiildt step was to partition the
web because crack locations, lengths, and tips aleyeen based on these partitions. Next, the
crack extension direction was chosen by utilizngectors. The starting coordinate was chosen
as one end of the crack, and the end coordinatetiveasrack tip. If both tips of a crack were
allowed to grow, then twq vectors were specified for each tip. The seam avasated in the

same Special section of the Interaction Propertgdi® which is circled in red in Figure 2.
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Figure 2. Special section of interaction module.

Different areas around a cracked part are showRigare 3. The crack tip is a set of
nodes in a three-dimensional model that are aetttkof a crack, while the crack front is the

nodes around the crack tip. The number of cont@ispecified by the user. The first few
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contours can yield inaccurate results becausertk ¢ip was specified (Simulia, 2010). Five
contours were specified and all data was extracted the fifth contour. It should be noted that
modeling different crack geometries in this metlead be restrictive since the location of cracks

is dependent on partitions.

Figure 3. Successive contour integrals surroundinthe crack tip (Simulia, 2010).

Extended Finite Element Method

The third method for modeling cracks utilized XFE&thniques. Cracks were modeled
as three-dimensional planar shells. Because taekchad no thickness, the accuracy was
slightly greater than when elements were removétracks were modeled as through the
thickness of the web with a width of 9.5-mm (3/8rinCrack lengths and locations were chosen
based on cracks in the experimental specimen.

The concept of XFEM was first published in 1999 @dpet al. 1999). This theory was
implemented within ABAQUS in recent updates tofinége element modeling program. XFEM

enhances the finite element approximation by addisgontinuous functions to the solution at
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nodes immediately affected by a crack. Three riistsets of nodes are used in XFEM to

approximate a cracked model (Yazid et al., 2009)ese node sets are as follows:

(1) All nodes in the model domain
(2) Nodes whose shape function support is intersecteddoack

(3) Nodes whose shape function support contains thok ¢rant.

Subsequently, there are three different approxonatifor the displacemernit), for the
three sets of nodes in the model. The first of¢happroximations is applicable to all nodes in

the model and is represented by the expressioemtexsin Eqn. 1:

U=U = Xigwh; (Ed)
where:
| = set of all nodes in the domain
u; = classical degrees of freedom for node

Ni = shape function for node

When there is an existing crack in a region of adehowvhere crack initiation and
propagation is allowed, additional approximatiors @tilized in addition tdJ, to obtain a more
refined solution. One of these approximationsesents a solution refinement to calculate the

effect of the discontinuity across a fully-develdpgack. Eqn. 2 represents this refinement:

U=U|+UJ:U|+Zj6]ijjH(X) (Eqgn. 2)
where:
J = set of nodes whose shape function support ibyatcrack

by = jump in displacement field across the crackaate)
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N; = shape function for node

H(x) = Heaviside jump function (+1 on one side of ctatkon other side)

The final approximation characterizes a solutidimesnent for the calculation of nodal

displacements around both crack tips. This isesgmted by the expression in Eqgn. 3:

U=U + U+ Uk
=Ui + Tpexs Ne(Tio1 e FF () + Tierz Nie(Tiey ci2FE(x)) (Egn. 3)
where:
K1 = set of nodes whose shape function support amtaie crack front
K2 = set of nodes whose shape function support amthe other crack front
Nk = shape function for node
o = additional degrees of freedom associated wiblctip enrichment functions

F, = crack tip enrichment functions

Any number of crack tip enrichment functions mayused to refine the approximation at
the crack tip. However, ABAQUS only uses four enment functions, where these functions

are given in polar coordinates, as presented in Egn
Fi(r,0) = {\/FCOS (g) Arsin (g) Arsin (g) sin@,\rcos (g) sin9} (Eqn. 4)

For the implementation of linear elastic fractureamanics (LEFM) using XFEM in
ABAQUS, parameters for crack initiation and propaga have to be specified as material
properties. For crack initiation, various damagéation variables can be utilized, and for this

simulation maximum principal stress was selectedhas damage initiation variable (Simulia,
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2010). This can be representedogas. This creates a fracture criterion varialfe which is
defined as the ratio of actual maximum principakss across an element to the allowed
maximum principal stress and is thus representgd=a8,cwa / omax A crack will initiate in an

element when the fracture criterion is betweenttfeeboundaries in Eqgn. 5.

1.0 < f < [1.0 + fio] (Ed.

The variablég;,; is the tolerated error of the fracture criteri@riable and was predefined as
0.05. Iff > [1.0 + f;,:], the time increment for the calculation is conéityireduced until the
fracture criterion inequality is satisfied. Onbésthappens, a new crack will initiate or an
existing crack will extend tangent to the directadmmaximum principal stress.

The next important consideration for LEFM in ABAQUESthe determination of damage
evolution. In ABAQUS, damage evolution is a funatiof the maximum width of the crack
opening,dmax and has a default linear degradation of stifffessan element intersected by a
XFEM crack. While other rules of degradation mayspecified, linear degradation was deemed
adequate when analyzing the effect of varying \aliog omax for these simulations. Figure 4
shows the relationship between crack opening and twhile Figure 5 shows the relationship

between stiffness and crack opening as modeledBAQ@US.
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Figure 4. Linear progression of crack opening afteinitiation occurs (Simulia, 2010).

Stiffness

01 Crack Opening, oy Omax

Figure 5. Linear degradation of stiffness across erack as the crack opening widens (Simulia, 2010).

To better demonstrate how crack initiation and pggtion parameters fall within the
framework of the XFEM approximation, Figures 6 — 4Bow how a crack initiates and
propagates in a simple two-dimensional 9 x 5 nodshm Figure 6 shows the mesh before any
crack has occurred, while Figure 7 presents thenmaéisr the first elements in the model have
initiated andf is between the boundaries in Eqn. 5. These elemanet shaded in Figure 7.
Figure 8 then shows the mesh before the seconénmt calculation, with the mesh now
containing a crack. The crack is shown by theedbline and has a crack width value of O since

the crack has just initiated. The lightly shadedles in Figure 8 represent where ABAQUS
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applies additional refinement to the approximatioe to the presence of a new crack near these
nodes. Figure 9 presents the result of the contipataf the second increment, wherein two new
elements have now met the inequality in Eqn. 5.s Téads to Figure 10, which presents the
scenario considered for calculation at the stathefthird increment. The original crack has now
widened and is represented by the solid line ayiticross the elements. Crack growth is based
off of the relationship between stiffness and timg,shown in Figures 4 and 5. The blackened
nodes in Figure 10 represent where ABAQUS will gmalution refinements to represent the
discontinuity created by the crack. Just as iufa@, the dotted lines in Figure 10 represent the
part of the crack that has just initiated and hamew width, and the lightly shaded nodes
represent where a solution refinement due to thekctip will be applied. This process repeats
in ABAQUS until the full solution is computed or tinthe approximation cannot reach a
convergence for a particular time step. Figuresih@ws the resulting crack propagation after

three completed increments for this example.
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Figure 6. A 9 x 5 node two-dimensional mesh before Figure 7. Two-dimensional mesh after calculationfo
increment 1. increment 1.
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Figure 8. Two-dimensional mesh before calculation Figure 9. Two-dimensional mesh after calculationfo

of increment 2. increment 2.
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Figure 10. Two-dimensional mesh before calculation Figure 11. Two-dimensional mesh after calculation
of increment 3. of increment 3.
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Figure 12. Crack propagation in a two-dimensional.
mesh after 3 increments.

Comparison between the Cohesive Method and LEFM

There are two techniques for capturing crack prapag when using XFEM: (1)
traction-separation cohesive behavior and (2) LEFfa crack is not initially present, crack
initiation can only be captured by using the t@eiseparation cohesive method. Once initiation
has occurred, LEFM can be used to model propagafitve two methods cannot both be used to
model identical crack behavior. For example, praps for the cohesive method and LEFM
cannot both be specified to model crack propagatidhe cohesive method is an energy and

strength criterion, while LEFM is not (Chen et 2i010).
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Modeling of Retrofits

Various retrofits were modeled to evaluate thetigfee mitigation potential, measured by
examining theJ-Integral, SIFs, and change in stress from unngtedf scenarios to retrofitted
scenarios. Mitigation techniques studied includéd: crack-arrest holes, (2) bolted angles
connected to the web and flange, (3) angles bdtietthe connection plate and flange with a

backing plate, and (4) composite blocks.

Results and Discussion

Finite element models with retrofits and withoutroéits were examined, and results were
guantified using the following measures: Hot Spine$s Techniquel-Integral, and SIF. Not all
retrofits could be quantified using tldntegral and SIF values due to varying crack miodel
techniques, but HSS values were obtained for alofits. Analytical results were then

compared to physical test results.

Measuring Fatigue Damage Potential

The peak stress throughout the model changed witlereht crack and retrofit
configurations. When there were no cracks or fiestadhe maximum stress overall was in the
stiffener-to-web weld in the bottom web gap. Stréslds in the web-to-stiffener weld in the
bottom web gap exceeded the yielding point.

After looking at different stress types, includidgectional, maximum principal, Von
Mises, and Tresca to compare the simulation toettpgerimental specimen, it was found that

maximum principal stresses provided the best catrogl. As shown in Figure 13, the crack
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growth in the experimental specimen closely folldwihe direction of highest maximum

principal stress in the FE model.

White lines
show crack

2
\F - loeations
|' .
:_—_:-ﬂ

Figure 13. Good agreement between the experimentadack locations shown in white and areas of high
maximum principal stress in the analytical model.

The HSS technique was applied to quantify stresséise web near welds. A path was
taken a distance away from the welds that is euiaalf the thickness of the web, or 5-mm (0.2-
in.) HSS 1 was a horseshoe-shaped path takendtbarstiffener-to-web crack in the bottom
web gap. The length of this path followed the tengf the crack, which was modeled as 102-
mm (4-in.) long. HSS 2 was a horizontal path ia blottom web gap that was along the web-to-
flange weld. The length of this path followed tleegth of the horizontal crack, which was
modeled as 203-mm (8-in.) long. Similar HSS patkse pulled from the fascia side of the web
in the top web gap of the test specimen. In motleds were uncracked, the path shapes and
lengths were kept the same to provide a direct evisgn between models.

In addition to the HSS technique, crack growth progity was determined by looking at
J-Integrals and SIFs. To study tldntegral and SIFs in greater detail, a smaller ehadas

created. The model consisted of a 17A270-mm (5 50-in.) plate with a crack half the
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length of the plate, as seen in Figure 14. Thislehavas studied in two and three dimensions.
First, a 6.9-MPa (1-ksi) compressive force was igdpio the left and right sides of the plate to
force the crack to close. Next, a tensile forg@aeed the compressive force to simulate opening
of the crack. In the model, a surface-to-surfateraction was placed between both sides of the
crack to prevent them from intersecting each ottf&om this smaller model, it was found that
when loading caused a crack to close, SIFs becagatine, and when the crack opened, SIFs
remained the same magnitude but opposite in sige. Idading applied was used to force a

Mode | crack opening.

Figure 14. Focused mesh surrounding crack tip.

The analytical results of this model were comparedquations for a single-edge notch

in a finite plate. The following equation was usedietermine K(Barsom and Rolfe, 1999).
K, = 1.12m/na(%j (E®).
The correction factor(a/ b) , was applied to take into account bending stredgego the plate

being asymmetric, and was equal to 2.55 sincerdekavas equal to half the length of the plate.
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With this equationk; was calculated as 25iV/in. , and the calculateld, value from ABAQUS

was 26ksiv/in.. These values showed great agreement betweeqtlagion and the analytical
model. K, values in the two-dimensional model were approxatyad, which is expected in a
pure Mode | crack opening.

Parts that contained cracks had circles partiticatettie tips of cracks to create contours.
The J-Integral and SIFs were specified as separate Hiatputs generated at the end of the
Loading Step. In the History Output, the numbecaftour integrals was specified as five. The
accuracy of thel-Integral and SIFs increase as the contours mowey drom the crack tip.

Therefore, data was read only from the fifth contou

Retrofit Measures

Crack-arrest holes 19-mm (%-in.) in diameter waiked at the tips of the 102-mm (4-
in.) horseshoe-shaped and 204-mm (8-in.) horizoetalcks in both the analytical and
experimental specimens. Cracks were modeled étplibecause the crack tip was within the
diameter of the crack-arrest hole if modeled us{R@EM. By modeling these cracks explicitly,
J-Integral and SIF values could not be obtainedthtnsimulation there were still large areas of
high stress in the bottom web gap after the retrefhich can be seen in Figure 15. When
comparing a cracked, unretrofitted model to a cedakodel retrofitted with crack-arrest holes,
it was found that HSS 1 decreased by 38%. Thessttecrease seems to indicate that the crack-
arrest holes might have some positive effect, batstress magnitudes were still well above the
yield stress of the material. While HSS 1 decréadghtly, HSS 2 was found to increase by
56%. The maximum principal stress range in Fidus@) was 0 — 276 MPa (0 — 40 ksi). In the
experimental specimen, the web-to-stiffener welttkreinitiated on the other side of the crack-
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arrest hole and grew 70-mm (2 %-in.) after 39, A3fes. The results between the analytical and
experimental models closely matched when compahadigh stresses in the analytical model
to the rate of reinitiation of the web-to-stiffenseld crack in the experimental specimen. The
two bolts holes circled in Figure 15(a) were ddltier the stiffener-to-web angles with backing

plate.

)
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)
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’;Ass 2

(a) (b)
Figure 15. (a) Setup of crack-arrest holes in bottm web gap (b) Stress distribution in web gap regioafter
crack-arrest holes have been drilled.

|
|
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The next retrofit studied was the stiffener-to-veglgles with a backing plate. A 102-mm
(4-in.) web-to-stiffener weld crack and 204-mm K8}iweb-to-flange weld crack were modeled
using XFEM techniques. Two 152x152x19-mm (6x6x3-@mgles were bolted to the web and
on both sides of the connection plate. On theidasitle of the girder, a 457x203x19-mm
(18x8x%:-in.) backing plate was bolted to the weteatly above the web-to-flange weld. An

elevation view with stress paths and dimensiorntb@ftetrofit is shown in Figure 16.

53



/

(a) (b)
Figure 16. (a) Retrofit location applied in the botom web gap of the experimental specimen (b) Eleviah
drawing of retrofit.

The dimensions of the angles and backing plate waried to determine the optimal
size. J-Integral, SIFs, and HSS values for varying angié back plate thicknesses are shown in
Table 1, Table 2, and Table 3. A disparity wasnfbuvhen comparing-integral and SIFs to
HSS values. In Table I;Integral values increased as the thickness oftigdes and backing
plate were increased to 25-mm (1-in.). This tresnolpposite of what was found when looking at
HSS values. When looking at HSS values in Tabtee&greatest stress reduction occurred when
both the angles and backing plate were 25-mm {lthick. There was not a clear pattern when
examining SIFs, which are shown in Table 2. Famecacrack opening modes, SIF values
increased as the thickness of the retrofit pasemsed, and in other crack opening modes SIF
values decreased as the thickness increased. rtigistof the web gap region is a mixture of all
three crack-opening modes and therefore the uselFd to determine fatigue damage is not

recommended.
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Table 1. Comparison ofJ-Integrals for web-to-stiffener angles and a backig plate retrofit with a 102-mm (4-
in.) web-to-stiffener weld crack and a 204-mm (8-ir) web-to-flange weld crack.

Angles and Back
Plate Thickness

J-Integral for

stiffener-to-web

J-Integral for

web-to-flange

weld crack weld crack
mm (in.) N/mm (K/in.) N/mm (K/in.)

No Retrofit (0.42) (0.58)
6 1.7 E 34F
(1/4) (1.2 B (2.4 EY)
13 1.8 E 71E°
(1/2) (1.3 EY (5.1 E%
25 2.0E* 3.1E°

(1) (1.4 E?) (2.2 B}
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Table 2. Comparison of stress intensity factors fothree crack surface displacements with the web-tstiffener
angles and a backing plate retrofit. The thicknessf the angles and backing plate were varied and owpared
to a model with no retrofit. All simulations contain a 102-mm (4-in.) web-to-stiffener weld crack ana 204-

mm (8-in.) web-to-flange weld crack. SIF units aréMPa/\Nm (ksiVin.).

Angles and K, for K, for K, for K, for Ky for K, for
Back Plate stiffener-to- flange-to- stiffener-to- flange-to- stiffener-to- flange-to-
Thickness web weld web weld web weld web weld web weld web weld
mm (in.) crack crack crack crack crack crack
-6500 -4000 1700 480 -1100 -1300
No Retrofit
(-150) (-92) (40) (12) (-25) (-30)
6 -51 -72 -74 -8.6 -113 -22
(1/4) (-1.2) (-1.66) (-1.7) (-0.20) (-2.6) (-0.5)
13 -18 -307 -210 -8.2 -380 -184
(1/2) (-0.41) (-7) (-4.8) (-0.19) (-8.9) (-4.3)
25 7.8 -540 -120 -14 -152 -350
Q) (0.18) (-12) (-2.8) (-0.33) (-3.5) (-8.2)

Table 3. Comparison of HSS 1 and HSS 2 values fdra web-to-stiffener angles with a backing plate reofit.
The thickness of the angles and backing plate wexaried, and all simulations contained a 102-mm (4nt)

web-to-stiffener weld crack and a 204-mm (8-in.) weto-flange weld crack.

Angles and Back Plate HSS 1 HSS 2
Thickness
mm (in.) MPa (ksi) MPa (ksi)

6 120 110

(1/4) 7) (16)
13 76 64

(1/2) (11) (9.3)
25 38 61

1) (5.5) (8.8)
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J-Integral and HSS values obtained from the welaoge weld crack showed similar
behavior as crack lengths increased. In Figureanti718, the back plate was kept at a constant
thickness of 25-mm (1-in.), and the angle thicknesas varied from 25-mm (1-in.) to 13-mm
(*2-in.) to 6-mm (¥2-in.). The largest value for Ihaff these fatigue damage parameters occurred
when the crack was 25-mm (1-in.) long-Integral and HSS 2 values decreased as the web-to-
flange weld crack grew to 204-mm (8-in.), as seeRigures 17 and 18. This implies that the
The

web-to-flange weld crack may self-arrest once treelc extends beyond 25-mm (1-in.).

lowestJ-Integral and HSS 2 values were found when 6-mnm(¥4hick angles were used.

(mm)
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Figure 17.J-Integral values for the web-to-flange crack lengtk and angle thicknesses.
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Figure 18. HSS 2 values for varying web-to-flangerack lengths and angle thicknesses.

In a corresponding experimental specimen (refetedas Specimen 2 in Alemdar
(2011)), fatigue cracks began to grow in the tofp wap after 1.2 million cycles. In another
experimental specimen (referred to as SpecimenAemdar (2011)), this retrofit was applied
when crack lengths were short, approximately 25-rfivin.) long, unlike Specimen 2.
Whenever the stiffener-to-web angles with backitegeoretrofit was applied in the bottom web
gap, the web-to-stiffener and flange-to-stiffenezldvcracks did not propagate. As soon as the
retrofit was removed, cracks began to grow agdihis result leads to the conclusion that the
stiffener-to-web angles and backing plate retrcdit work on cracks that are short and long.

The next retrofit studied is one that has commdrdgn used to mitigate distortion-

induced fatigue damage. Angles were modeled agddod the connection plate and bottom
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flange; this retrofit was examined solely in anlgiieal sense. Two crack configurations were
modeled. The first included a 64-mm (2.5-in.) welkstiffener weld crack that was explicitly
modeled 15-mm (0.6-in.) below the web-to-stiffevegld. The second crack configuration
modeled a 102-mm (4-in.) web-to-stiffener weld &raad a 204-mm (8-in.) web-to-flange weld
crack using XFEM techniques. This retrofit provede very effective in the simulations, but is
known to be expensive and disruptive to constmdhe top web gap of a bridge, as conflicts
with a concrete deck must be dealt with before Beldoconnection to the top flange can be
made. When comparing an unretrofitted specimeh wi64-mm (2.5-in.) crack along the web-
to-stiffener weld to a cracked model with this ofity it was found that HSS 1 decreased by
95%. When cracks were modeled using XFEM techrsigd&S 1 decreased by 99% and HSS 2
decreased by 92%J-Integral values were also compared for this rétrahd this data can be
found in Table 4. The-Integral reduced to nearly zero after this retrefas applied when

compared to an unretrofitted model with the sanaelcconfiguration.

Table 4.J-Integral comparison before a retrofit was appliedand after the flange-to-stiffener angles retrofit
was attached. All simulations contain a 102-mm (#.) web-to-stiffener weld crack and a 204-mm (8-ir)
flange-to-stiffener weld crack, and each crack wasodeled using XFEM techniques.

Retrofit J-Integral for 102-mm (4-in.) J-Integral for 204-mm (8-in.)
web-to-stiffener weld crack flange-to-stiffener weld crack
No Retrofit 0.41 0.58
Flange-to-Stiffener 1.1FE° 4.8 FE°
Angles

The final retrofit modeled was a set of 114x114xh#% (4.5%4.5%5-in.) composite
blocks in the bottom web gap, attached to bothssade¢he connection plate, as shown in Figure

19. Tie constraints were used to attach the coitgbtock to the bottom flange, web, gusset
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plate, and connection plate in order to simulatedbloetween the composite and steel materials.
Two crack configurations were modeled. The firsisvan explicitly modeled, 64-mm (2.5-in.)
long crack, 15-mm (0.6-in.) below the web-to-stiiée weld. The second configuration included
a 102-mm (4-in.) web-to-stiffener weld crack an®@4-mm (8-in.) flange-to-stiffener weld
crack, and these cracks were modeled using XFEBft.tHe 64-mm (2.5-in.) long crack, it was
found that HSS 1 decreased by 93% when comparea tanretrofitted model with the crack
explicitly modeled. Once this area was stiffensiiiesses of high magnitude occurred at the
weld connecting the bottom cross brace to the gudate. A larger composite block that covers
this weld could stop the stress from moving to tegon. When the cracks were modeled using
XFEM, two paths were taken. HSS 1 was around téb-tw-stiffener weld crack and HSS 2
was around the flange-to-stiffener weld crack. eAfthe composite block was applied, HSS 1
decreased by 99% and HSS 2 decreased by 96%. Jdibte comparisons akIntegral values
before and after the composite blocks were attach®hilar to the flange-to-stiffener angles

retrofit, theJ-Integral values after the composite blocks wetacaed were nearly zero.

Figure 19. (a) Stress distribution with composite lock (b) Schematic of 127x114x114-mm (5%4.5%4.5Jin.
composite block on both sides of the connection pa
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Table 5.J-Integral comparison before a retrofit was applied ad after composite blocks were attached to both
sides of the stiffener. All simulations contain 402-mm (4-in.) web-to-stiffener weld crack and a 28:mm (8-
in.) flange-to-stiffener weld crack, and each crackvas modeled using XFEM techniques.

Retrofit J-Integral for 102-mm (4-in.) J-Integral for 204-mm (8-in.)

web-to-stiffener weld crack flange-to-stiffener weld crack

No Retrofit 0.41 0.58

Composite Block 1.6 E 1.2 E

Conclusions

Advances in FE modeling have allowed cracks to bedeted in ABAQUS. Retrofit
effectiveness should be determined by comparingiphelicrack growth propensity measures.
Several crack modeling techniques have been pex$arith pros and cons of each method. The

following conclusions can be made from the reseprekented:

1. Of the three crack modeling techniques discussadoving elements (explicit crack
modeling), contour integrals, and XFEM, modelingaks using XFEM was found to
be the most simplistic and effective technique beeahe cracked domains did not
need to be remeshed, and also because cracks etatependent on partitions.

2. Three retrofits were found to significantly redwsteess in the web gap, and they are
the following: web-to-stiffener angles with backingate, angles bolted to the
connection plate and flange, and composite bloGkse web-to-stiffener angles with
backing plate retrofit is easier to install in fiedd than the commonly used stiffener-
to-flange angles retrofit because the concrete diss not need to be removed.
Drilling of crack-arrest holes was found to notgstwacks from reinitiating.

3. The use of SIF values calculated from ABAQUS ismeabmmended when the crack

opening mode is a combination of all three cragk displacement modes. This
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fatigue damage measure is ideally suited whenrdekdip displacement is purely in
one mode, rather than in a combination of modes.

4. HSS and}-Integral values were compared when using theviotig retrofits: angles
connected to the web and stiffener along with akipacplate, flange-to-stiffener
angles, and composite blocks. When the anglesbao#ting plate retrofit was
applied, J-Integral and HSS 2 values were both the highestrwthe flange-to-
stiffener weld crack was 25-mm (1-in.) long andnthéecreased as the crack
lengthened to 203-mm (8-in.). HSS values redubedmost when the angles and

back plate were 25-mm (1-in.) thick.

When modeling cracks using XFEM techniques, thekad domain does not need to be altered
and the crack geometry can closely match cracksdi@xperimentally. The time to generate
cracks can be decreased greatly when compareticiy modeling cracks. The best method
to determine fatigue damage in the specimen studigbde Hot Spot Stress Technique. This
method can be used for any crack modeling technigneé the results closely match with the

experimental models.
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PART lll: REPAIR OF DISTORTION -INDUCED FATIGUE CRACKS ON 135-87-43/48BRIDGES
OVER CHISHOLM CREEK

T.l. RICHARDSON', A.B. MATAMOROS?, C.R.BENNETT, S.T.ROLFE?

Abstract

Two highway bridges near Park City, Kansas haveegpdead distortion-induced fatigue cracks
in the built-up steel plate girders. Detailedténelement models of the bridge were developed to
test the effectiveness of various retrofits whepliad to a cracked interior girder. All retrofits
considered involved the application of various &dltangles to stiffen the flexible web gap
region. A new retrofit technique using angles dareect the stiffener to the web with a backing
plate that was previously tested at the Universftiansas on a 2.7-m (9-ft) steel girder in the
laboratory was investigated in the full bridge mlodBlate thicknesses and lengths were varied
to determine optimal retrofit dimensions. A traalial retrofit using angles bolted to the
connection plate and flange was also investigatdtrofit recommendations were made based
on reduction of stress in the web gap and the fietequiring the least amount of labor and

material.
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Introduction

Distortion-induced fatigue is an ongoing problenpexenced by many steel bridges designed
before the 1983 American Association of State Highhwand Transportation Officials
(AASHTO) Bridge Design Specification X1 Fatigue cracking often occurs at a detail reféto

as a “web gap;” a region that comprises the interfaetween the web, flange, and transverse
connection plate. Before changes were implemeiiethe 1983 AASHTO Bridge Design
Specifications (2), no connection was requireda@iovided between connection stiffeners and
adjacent flanges. This detailing practice resulted short length of web near the top and/or
bottom flange and served as a load path to carrge$o transmitted by cross-frames or

diaphragms.

Fatigue cracks primarily occur in the web gap regmear the tension flange, and live
load is the driving force that causes these crackgropagate. Distortion-induced fatigue is
known to occur in many types of steel bridges,udeig floor beam, suspension, and tied arch
bridges (3). Distortion-induced fatigue cracks oaour in the bottom or top web gaps, and this
is dependent on the bridge geometry. The majaofityterary articles have found the top web
gap to be the location where most cracks initiatdne top flange is highly restrained by the
presence of a concrete deck in a composite bridgae a bottom flange has more freedom to
deform laterally and rotationally. Therefore, sfgant distortions can be concentrated into the
top web gap region. However, the locations of ksare also heavily driven by bridge geometry
and layout. For example, it has been shown (4th&) cracking may be more prevalent in

bottom web gaps in skewed bridges with staggereskeirame layouts.
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Cracking arising from distortion-induced fatiguancbe repaired using a variety of
existing techniques. One of the most popular naghovolves bolting angles to the connection
stiffener and the adjacent flange to provide & kidd path between those two elements. This
repair is often problematic when implemented in t@pb gaps, however, as making the
connection between the top flange and connectibierstr is frustrated by the presence of a
concrete deck. This can be overcome by removimggns of the deck or tapping the inside face
of the flange, but these approaches are expenisiberious, and often require partial or full
bridge closures.

A new retrofit technique has recently been devatoand tested (6; 7; 8), wherein bolted
angles are used to connect the web and connedtftensr with a backing plate on the fascia
side of the web. This particular repair geomesyintended for exterior girders or interior
girders in skewed-staggered bridge layouts; vamatiof this retrofit could also be used for
interior girders in straight bridge systems. Tlepair has shown excellent performance in
physical testing for halting propagation of cradfsmultiple lengths. Finite element analyses
have corroborated the physical test results by stggtress reductions in the web gap region on
the order of 90 - 95% when compared to stressaxmacked girder without any retrofit (8). The
primary advantage to implementing this type of nej@that a connection with an adjacent
flange is avoided, eliminating expenses and incoierees associated with a concrete deck
attached to a top flange.

The investigators have undertaken a study witlKiiesas Department of Transportation
(KDOT) to determine whether the stiffener-to-welitéd angles with backing plate retrofit is an
appropriate retrofit for Kansas Bridge 135-87-43/&4twin bridge structure carrying 1-135

traffic over Chisholm Creek near Park City in SeddwCounty, Kansas. Each composite,
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welded steel plate girder bridge carries two laok$-135 traffic, as seen in Figure 1, with
Bridge 43 carrying southbound traffic and Bridge e&rying northbound traffic. The average
daily traffic is 14,400 with 16% trucks. In theitwbridges studied, cracks are present in the
bottom and top web gap regions in the positive mamegions, with the majority of cracks in
the bottom web gap.

The twin bridges were designed in 1964 and con®duin 1970. The two end spans are
23-m (76-ft) long and the middle span is 29-m (§5-fThe bridges are skewed at an angle of
21°. Cross-frames at supports are back-to-backpamdllel to the skew, and elsewhere are
staggered and perpendicular to the girder lineariBgs consist of rockers at the abutments and
bolsters at two interior supports.

The composite reinforced concrete deck has a unmift®1-mm (7.5-in.) thickness and
was resurfaced in 2004. The width of the roadvsaygd-m (40-ft) wide. The girder web is
1220x8-mm (48x5/16-in.), and the top and bottomds are 305x29-mm (12x1.125-in.) at the
end and middle spans. The flanges taper to a vatlghs7-mm (18-in.) near the two center
supports. Girders are spaced at 2.7-m (9-ft),aardabeled A through E, with A being the left
girder when looking northbound. A simple schematican interior section of the bridge is
presented in Figure 2. Additional details canduenfl in the original plans located in Appendix
A.

The newly-developed angles with backing plate fetmwere examined in a detailed
three-dimensional finite element model of Kansasldgy 135-87-43/44. The well-established
retrofit consisting of angles connecting the flaragel transverse stiffener was also studied as a
basis for comparison. Variations of these retsofiere studied, including replacing the back

plate with a back angle, and changing the lengththitkness of the angles.
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Figure 2. Schematic of interior section of bridge wer the middle span.

Factors Affecting Development of Fatigue Cracks in Kansas Bridge 135-87-43/44

Cracks in web gap regions can form in skewed, @jroe straight bridges, but cracks tend to be
more extensive and initiate earlier in skewed amyed bridges. This is thought to be in part
because larger differential vertical deflectionsdtéo occur in skewed and curved bridges than in
straight bridges (10). Kansas Bridge 135-87-43/d¢ a skew angle of 21°, which is a relatively
modest skew angle.

In Kansas Bridge 135-87-43/44, cross-frames amggstad perpendicular to the girders
between bearing points, which is a common configuman bridges skewed more than 20°. It
has been shown that cracking is likely to occua imottom web gap region in a staggered cross-
frame layout (11, 3) due to the discontinuous lpath between cross-frames or diaphragms.
Crack locations listed in a 2010 routine snoopporefor Bridge 135-87-43/44 showed that the
majority of cracks occurred near the bottom flangeracks also occurred in the top web gap

region near bearings in the negative moment region.
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The highest concentration of cracking in Bridge -B3%43/44 occurred towards the
center of the middle span, which is 29-m (95-fahd. It has been shown that differential
deflections between adjacent girders are greapestiiort spans with large skew angles, with the
greatest differential deflections occurring wheae fipan length is 30.5 m (100 ft.) (2). The span
length of Bridge 135-87-43/44 is very similar tasthatter value, helping to provide context to

the development of significant levels of fatiguads in this bridge structure.

Fatigue Crack Types and Retrofit Measures
Fatigue cracks have been found throughout the strpeture of Kansas Bridge 135-87-43/44.
Crack locations in Bridge 43 carrying southbouralfit can be seen in Figure 3. The majority
of cracks are located in the interior girders betmveupports, and cracking is concentrated near
the center line of the bridge.

Four types of fatigue cracks are classified ondtinecture, and are designated as A-, B-,
C-, and D-type cracks. Type A cracks are locatatleaconnection stiffener-to-girder web weld.
Type B cracks occur along the connection stiffenegirder web weld. Type C cracks have
propagated away from a weld into the base metaéhefgirder web, and Type D cracks occur
between the web and top flange. In the southbdndbe 43, Type A cracks were the most
prevalent throughout the bridge. The most sevesekcgeometry, Type C, was found in all

spans, but only in a few locations.
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Figure 3. Crack locations in Bridge 43 carrying I-B5 traffic.

In past repairs of Bridge 135-87-43/44, cracks Haeen arrested by drilling crack-arrest
holes. Figure 4 shows a photograph of crack-atrelsts drilled at the tips of Type B, C, and D
cracks in Girder C near the second cross-framgan3. The 2010 inspection recorded no new

growth at these cracks. No other retrofits havenly@eviously applied to the twin bridges.

Type B Crack 4 Type C Crack
-4

-
N

Type D Crack

Figure 4. Drilled crack-stop holes at tips of typeB, C, and D cracks.

In other bridges, KDOT has implemented differertafits depending on crack type.

The retrofit for a Type A crack involves installirgfull depth web splice plate on both sides of
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the connection plate. ype B retrofis install angles to theonnection plateand the bottom
flange. Angles are attachebetween the connection stiffener aadjacer flange when
retrofitting a Type C crack. A bacup stiffener is attached to repair a Typecract, and one

angle is installed between thew bac-up stiffener and bottom flange.

Objective

The objective of thistudy was to determine the most effective reti to stop further
initiation and propagation of fatigue cracks inkawed, stagcred bridge configuration prese
in the I-135 bridge®ver Chisholm Cree The retrofit chosen by the Kansas Departmer

Transportation will then be implemented throughtbetlength of the twin bridge

Finite Element Modeling Methodology
Full scale inite element models (Bridge 135-87-43/44 were created ushBAQUS version
6.10-2. A screenshot of the model is presenteFigure 5.All materials were modeled as line

elastic.

Figure 5. Full scale model of bridge with concrete deck renved for clarity. Closeup of cross frame three ai
Girder C is shown in the insert.
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The modulus of elasticity of the steel was spedifas 200,000 MPa (29,000 ksi) and
Poisson’s ratio was 0.3. The steel girders hagingmmesh sizes, with the densest mesh near the
web gap regions. The mesh in the web at the reloochtion was a mixture of 2.54-mm (0.1-in.)
swept and structured hexagonal elements due to setnodits requiring bolts through the web.
Tetrahedral elements were used to transition teseoalements. This highly dense mesh was
specified over a 660-mm (26-in.) width to separsttess risers that were present between the
tetrahedral and hexagonal elements and the webegagms.

All five steel girders were modeled, and 8-mm (51 fillet welds connecting the
flanges to the web were modeled as right trianglegermediate stiffeners were modeled in
addition to transverse connection stiffeners. mrmb-(3/16-in.) welds were modeled on both
sides to attach the connection plates to the walnsfor simplicity, the intermediate stiffeners
were attached to the webs using tie constraintg onl

The concrete deck, haunches, and barriers weraradsieled. The sloped deck and two
side barriers were modeled as one part, while then¢hes were five individual parts. Tie
constraints were used to connect the concrete hasno the steel top flanges. The concrete
deck was comprised of hexagonal elements approglyn&08x508-mm (20%20-in.). The
modulus of elasticity of the concrete was taker22900 MPa (3,605 ksi) and Poisson’s ratio
was 0.2.

Hard contacts were used between the angles usetrafits and the bottom web gap of
Girder C. A friction coefficient was used when gjpgng a hard contact for steel to steel
contact and was set to 0.35. Tie constraints wetially used to connect angles to the girder,
but stress risers occurred at the end of the anglbs was deemed an artifact of the model since

these areas of high stress were no longer presestlard contacts were applied.
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The bridge is symmetric about the diagonal thasrirom the southeast corner to the
northwest corner. Cross-frames were modeled instimee fashion as the steel girders, using
hexagonal, solid elements. The end supports efbtitlge are rockers, and the two interior
supports are bolsters. These bearings were modsledllers and pins, respectively.

The mass density of the bridge was specified tludecdead loads for the superstructure,
calculated by dividing the material density by gravonal acceleration. A 112 kN/m (0.64-
K/ft) lane load was applied to Girder C over a 46+ (18-in.) flange width throughout the
length of the bridge.

Two cracks were explicitly modeled in the top amdtdam web gaps of the third cross-
frame of span two in Girder C. A row of elementsswemoved to model cracks explicitly. The
cracks modeled included a 25-mm (1-in.) horsesha@ead crack at the stiffener-to-web weld
and a 51-mm (2-in.) web-to-flange weld crack. Tdasne crack configuration was placed in the
top and bottom web gaps. Cracks were placed ibhattem web gap because a large number of
cracks were found in this location when comparedtker locations during routine inspections.
Cracks were placed in the top web gap to deternfingtrofits that effectively worked in the
bottom, could also work in the top. Stress fietdsrounding these two cracks are shown in

Figure 6.
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(@ (b)
Figure 6. Two crack locations in cross frame numbrethree of Girder C. (a) 25-mm (1-in.) long web-to-
stiffener weld crack (b) 51-mm (2-in.) long flangee-stiffener weld crack.

Retrofit Measures

The Hot Spot Stress (HSS) technique was used tpaa@various retrofits. This technique is
used to determine the stress near a weld whergsstnagnitudes can be very high. Maximum
principal stress values were obtained from nodkesntdalf the thickness of the web away from
the weld in an uncracked web. In models that iehetlicracks, paths followed the length of the
cracks and around the crack tips to capture the $tiggss present near the crack tips. HSS 1 was
used to determine stresses around the web-torstifieeld on the cross-frame side of Girder C.
HSS 2 was taken around the web-to-flange weld enfakcia side of Girder C. HSS 1 and 2

paths can be seen in Figure 7 on a bridge witretrofit.

(@) (b)
Figure 7. Hot spot stress paths near cracks alongp¢ (a) web-to-connection plate weld and (b) web-thettom
flange weld.
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All bolts and bolt holes were 19-mm (3/4-in.) inadieter. Bolts were modeled by
merging the head, shank, and nut together intopame A pre-tensioned bolt load was applied
to the middle of the shank, according to the magi@tprovided in the AISC Specification (12).
Bolt loads were applied in the model step priotht® lane load being added. The back face of
the bolt and nut were tied to the surfaces of tleelsmembers that were connected. Hard
contacts were used between holes in the steel nrendyel shanks of bolts to model the
interaction between these parts that might takeeplahen plates bend or shear against each
other.

Four retrofits were modeled, and all stiffened tieb gap region through the use of
angles. Retrofit 1 involved two angles bolted ke tonnection plate and web along with a
backing plate on the fascia side of the web. Aapeatric analysis of this retrofit was performed
to determine the optimal size of the angles and&ibgplate. Retrofit 2 also bolted angles to the
connection plate and web, but a backing angle tatiehe bottom flange and web replaced the
backing plate. The third retrofit studied angled#tdd to the bottom flange and connection plate.
Finally, Retrofit 4 investigated a proposed retrofiade by KDOT. In this retrofit angles are
placed at each end of the cross-frames as a meatiffén all web gap regions.

The first retrofit investigated was the angles watking plate, which is shown in Figure
8. Two 94-mm (3.7-in.) long 152x152x25-mm (L6x6ir1}- angles were bolted to the web,
connection plate, and a 457x144x25-mm (18x5.681B631backing plate was connected to the
fascia side of the web. A small shim plate wasduseallow the angle to fit tightly against the
cross-frames without needing to first remove theRetrofit 1 was studied in both the bottom
and top web gaps. There is no connectivity to émsipn flange in this retrofit, which is ideal in

top web gaps because the concrete deck does rbtamée removed. It was possible to attach
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the backing plate to the web because the crosseeBamere staggered. At the supports where
cross-frames are back-to-back, angles could behatbto the connection plates and web on both

sides of the web; however, this was not includeithis investigation.

Z]

Angle Left of Stiffener Angle Right of Stiffener

(b) (c)

Figure 8. (a) Two 152x152x25 (6x6x1) angles boltamboth sides of the connection plate with a backmplate
on the fascia side of the girder. (b) cross-framdde of Girder C (c) cross-section of bottom web gawith
retrofit.

In the bottom web gap when compared to a crackaetnofitted configuration, Retrofit

1 reduced HSS 1 by 80% and HSS 2 by 82%. Thigisfeiant stress reduction in the web gap,
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but the transverse connection plate was foundsiodiabout its weak axis, which is shown in
Figure 8(a).

Free body cuts were taken at the middle of eactseframe framing into Girder C where
stress values were pulled. The top and bottonsdrasnes had compressive forces with
minimal load, while the middle cross-frame was yag the only tensile force. Figure 9
displays the middle cross-frame with an 18-kN (g}kensile force at the center of the cross-

frame’s length.

N

3.979e+00

Figure 9. Force in middle cross-frame framing intathe bottom web gap of Girder C.

A variation of Retrofit 1linvolved lengthening theghe on the right side of the connection
plate to attempt to counteract the tensile foroenfthe middle cross-frame that caused the
connection to bend out-of-plane. The angle wagtlaned to 305-mm (12-in.), as seen in
Figure 10. The height of the back plate was aisoeiased to bolt the 305-mm (12-in.) long
angle to the web. The time required to drill hatethe field was kept to a minimum by only
adding two more bolts to the 305-mm (12-in.) longla. The side of the back plate above the

152-mm (6-in.) long angle was not bolted to the wklsS 1 was found to reduce by 82% and
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HSS 2 reduced stress by 83% when compared to kectagnretrofitted bridge. The deformed
shape of the connection plate, shown in FigurevH3, much less than the deformations of the
connection plate shown in Figure 8(a), so althostgess values did not greatly decrease, a
potential new problem area at the connection pla® avoided by using a 305-mm (12-in.) long

angle on the right side.

Figure 10. Angles with backing plate retrofit. Ange on the right is 305-mm (12-in.) long; angle onfieis 152-
mm (6-in.) long. Cross-frames have been removedrfolarity. (Stress scale is from 0 — 140 MPa (0 -0Xsi);
deformation scale is 100).

A vertical stress path was taken along the leftragitt side of the transverse stiffener to
determine the stresses that caused the stifferaféom out-of-plane. Paths were taken from
the angles with backing plate retrofit when bothlaa were 94-mm (3.7-in.) long and when the
right angle was 305-mm (12-in.) long. In these siraulations, the thickness of the angles and
back plate was 25-mm (1-in.). Stress paths ometth@nd right side of the stiffener for these two
retrofits are shown in Figure 11. A larger amooingtress was present in the stiffener when the
right angle was 305-mm (12-in.) long. The locatudrinigh stress is visibly different in Figure

11(b) versus Figure 11(d), and this differenceus tb the different angle lengths.

79



(b)

()

Figure 11. Angles with a backing plate retrofit. Te paths are shown in red. (a, b) Left and right sie of the
stiffener when both angles are 94-mm (3.7-in.) longnd (c, d) left and right side of the stiffener win the right
angle is 305-mm (12-in.) long.

A parametric analysis of Retrofit 1 was performedavhich the dimensions of the angles
and backing plate were varied to determine whicluced the stress in the web gap region the
greatest. In Figure 8(a), the angle to the ledt aght of the stiffener are denoted because the
dimensions of each angle were sometimes variedaeba The first range of models varied the
thickness of the angles and backing plate from H34m19-mm to 25-mm (0.5-in. to 0.75-in. to
1-in.). The same 152x152x25 mm (6x6x1-anyles were used throughout. The angle to the
left of the stiffener was 94-mm (3.7-in.) long aheé angle to the right of the stiffener was 305-
mm (12-in.). The backing plate was 457-mm (184iony, and 305-mm (12-in.) high. Results
from this studied are shown in Table 1. When 25-¢hsimn.) thick angles and backing plate

were used, the percentage of original HSS valuestiMalowest, with HSS 1 and 2 equal to 18%

80



and 17%, respectively. As the thickness decrets&8-mm (0.5-in.), HSS 1 and 2 were greater

than 2.5x the stress found when the 25-mm (14mcktangles were applied.

Table 1. Retrofit 1: Angles and backing plate retrdit with varying thicknesses.

Dimensions
Angle Left of Angle Right of Back Plate — Botton) o ¢ Original HSS 1| % of Original HSS |2
Stiffener — Bottom Stiffener- Bottom Web Gap
Web Gap Web Gap
mm (in.) mm (in.)
mm (in.)
L152x152%5 L152x152%5 457 long, 305 high,
94 long 305 mm 25thick
18% 17%
(L6x6x1 (L6x6x1 (18 long,12 highl
3.7 long) 12 long) thick)
L152x15249 L152x152x49 457 long, 305 high,
94 long 305 mm 19thick
27% 25%
(L6X6%%4 (L6Xx6%%a (18 long,12 high¥%a
3.7 long) 12 long) thick)
L152x152%43 L152x152%43 457 long, 305 high,
94 long 305 mm 13thick
45% 48%
(L6x6xY2 (L6x6xY2 (18 long,12 highYs
3.7 long) 12 long) thick)

Next, the angles thickness was set to 13-mm (Y4hick while the backing plate was 25-
mm (1-in.). This analysis was performed to deteemwhich member, the angles or the backing
plate, affected HSS 1 and 2. It was also importanhvestigate if one member could be thick,
while the other was thin to decrease the amoumhaterial needed. In Table 2, it can be seen
that by using thinner angles, stresses along the-tareonnection plate weld crack have
decreased the same as if a 19-mm (34-in.) thickeangire used. Stresses along the web-to-
bottom flange weld crack have decreased almostueh ras when both the angles and backing

plate had a 25-mm (1-in.) thickness.
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Table 2. 13-mm (¥2-in.) thick angles with a 25-mm ¢in.) thick back plate.

Dimensions
Angle Left of Angle Right of Back Plate — Botton % of Original % of Original
Stiffener — Bottom Stiffener- Bottom Web Gap
Web Gap Web Gap HSS 1 HSS 2
mm (in.) mm (in.)
mm (in.)
L152x152%13 L152x152%13 457 long, 305 high,
94 long 305 mm 25 thick
27% 19%
(L6X6%Y2 (L6x6x%2 (18 long, 12 high, 1
3.7 long) 12 long) thick)

Placement of the angle to the left of the stiffemethis bridge configuration is difficult
because of the small cross-frames used. The diorensf the angle on the right of the stiffener
are easily altered because there are no obstrsctidnother parametric study was performed on
the angle to the left of the stiffener to determwileat the shortest angle could be used. The
height of the angle was varied from 94-mm to 76-tarB1-mm (3.7-in. to 3-in. to 2-in.), and the

results are shown in Table 3.

A 203x152x25-mm (8x6x%1-in.) angle was used througlhis study. It was found that
varying the height of the angle on the left did halve a significant impact on HSS 1 or 2
stresses. The difference in stresses between ard5{2an.) and 94-mm (3.7-in.) long angle was
only 3% for HSS 1 and 4% for HSS 2. Therefore,ri@mcangles can be used in other bridge

configurations where there are limitations duedorgetry.
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Table 3. L203x152x25 (L8x6x1) used on the left aniht side of the stiffener. Length of the anglesvas

varied.
Dimensions
Angle Left of Angle Right of Back Plate — Botton] 7 of Original HSS 1} % of Original HSS 2
Stiffener — Bottom Stiffener- Bottom Web Gap
Web Gap Web Gap
mm (in.) mm (in.) mm (in.)
L203%x152%x25 L203%x152%x25 508 long, 144 high,
94 long 94 long 25 thick
20% 18%
(L8x6x1 (L8x6x1 (20 long, 5.7 high, 1
3.7 long 3.7 long thick)
L203%x152%x25 L203%x152%x25 508 long, 144 high,
76 long 76 long 25 thick
21% 19%
(L8x6x1 (L8x6x1 (20 long, 5.7 high, 1
3 long) 3 long) thick)
L203x152%25 L203x152%25 508 long, 144 high,
51 long 51 long 25 thick
23% 22%
(L8x6x1 (L8x6x1 (20 long, 5.7 high, 1
2 long) 2 long) thick)

An additional comparison can be made between anglésa leg connected to the web
that is 203-mm (8-in.) and 152-mm (6-in.). Theestleg of the angle bolted to the stiffener was
kept constant at 152-mm (6-in.). This change mgike was found to not have any effect on HSS
1 or 2 stresses.

A 51-mm (2-in.) long web-to-flange weld crack and®%mm (1-in.) web-to-stiffener
weld crack was added to the top web gap of Girdar &ddition to the cracks that were in the
bottom web gap of Girder C. This location was @mbecause of cracks reported in top web
gaps between supports in the 2010 Routine Snoogpettion. Cracks were not placed in top
web gaps located in negative moment regions becauseacks were circled in these locations,
as seen in Figure 3. In the bottom web gap, H&8dL2 paths were taken on the cross-frame

side of Girder C. In the top web gap, HSS 1 hahigr stress values on the cross-frame side,
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while HSS 2 had higher stresses on the fasciadfitlee girder. HSS 2 in the top web gap, on
the fascia side was 6.8 ksi, and HSS 1 in the teb gap, on the cross-frame side was 7.1 ksi.
152x152%25-mm (6x6x1-in.) angles were bolted orhlsades of the connection plate and web
in the top and bottom web gaps. On the fascia sidbe web, a 457x145%25-mm (18x5.7x1-

in.) back plate was applied in the top and bottoet\gaps. The percentage of original HSS 1
stress once this retrofit was applied was 66%,fantiSS 2 it was 72%. Stresses overall in this
top web gap were small when compared to stresgée inottom web gap.

Retrofit 2 replaced the backing plate with a 457-1fi8-in.) long, 152x152x 25-mm
(6x6x1-in.) angle bolted to the fascia side ofwed and bottom flange. The backing angle was
used to provide additional connectivity between flamge and web. Figure 12 shows a
schematic of this retrofit. HSS 1 values for btite backing plate and backing angle showed
that stress was reduced by the same amount fomtheetrofits. HSS 2 stress values were
slightly lower for Retrofit 2 than when the backiptate was used (Retrofit 1), with a stress
reduction of 83%, as compared to 82% with the bagkiate. It is believed that the extra labor
and material required to install the backing angleot merited since the stress was not found to

significantly decrease when compared to the baghiatg.
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Figure 12. (a) Cross section view of angles connedtto the stiffener and web with a backing angle bted to
the bottom flange and web. (b) view of stiffener-taveb angles. (c) schematic of retrofit.

In the third retrofit investigated, two 140-mm (5rb) long, 152x152x16-mm (6x6x5/8-
in.) angles were bolted to both sides of the comme@late and the bottom flange. A thinner
angle than what was used in Retrofits 1 and 2 bduetused because a bolt head would not fit
between the top of the angle leg connected to diin flange and the bottom of the horizontal
cross-frame. This retrofit is often used in thedito fasten the connection plate to the flange.

As previously discussed, construction of this r@troould be expensive and intrusive when
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applied in a top web gap due to interferences witloncrete deck. In the bottom web gap where
this retrofit was applied, the welded bottom cryasae had to first be removed. If the angles

were used in the top web gap, the top cross-fraemalmer would need to be removed in addition
to the concrete deck. A total of four angles wased, two in the bottom web gap of Girder C,

and two in Girder D. When this retrofit is comphte the cracked, unretrofitted specimen, HSS
1 decreased by 72% and HSS 2 by 77%. The cooneaiiaite bent out of plane above the 152-
mm (6-in.) long angle leg, which can be seen irufadL3(a.)

To improve this retrofit, the vertical leg of thagke on the right side of the connection
plate was extended to 305-mm (12-in.), as showkigare 13(b). The angle leg length was only
increased on the right side so that the diagorwseirame member did not need to be removed
also. Originally the diagonal cross-frame membas welded to the connection plate, so a bolt
hole could easily be drilled in the field withowmoving the brace. By lengthening the vertical
leg of the angle on the right, it was found that3HSdecreased by 79% and HSS 2 decreased by
81% when compared to a cracked, unretrofitted lkriddhe 305-mm (12-in.) long angle leg
provided greater stress reduction for both HSSd athan the 152-mm (6-in.) long angle leg
with little additional material or labor neededhéFefore, it is believed that using a longer angle

segment on one side of the connection plate isangd for this particular retrofit geometry.
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(b)

Figure 13. Connection plate-to-bottom flange anglestrofit (a) 152x152x16-mm (6x6x0.625-in.) angled
(b) 152x152x16-mm (6x6x0.625-in.) on the left sidé the connection plate and a 305x152x16 mm
(12x6x0.625-in.) angle on the right side of the coaction plate. (Stress scale is from 0 — 140 MPa-{®0 ksi);
deformation scale is 100).

The fourth retrofit investigated utilized a 203x208-mm (8x6x5/8-in.) angle with a length of
305-mm (12-in.) was bolted to the connection ptate web. Because the angles were long, all

cross-frame members had to be first removed talatagles to each corner of the cross-frames.
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Placement of all angles is shown in Figure 14.

Figure 14. Placement of angles in four corners ohe K-brace configuration. Girders C is on the lefiand
Girder D is on the right. Angles are shown in yetiw.

A pair of 305-mm (12-in.) long angles was usedha bottom web gap of Girder C and
in the top web gap of Girder D, and a pair of 158-(6-in.) long angles was used in the top web
gap of Girder C and in the bottom web gap of GilderA 145x312x25-mm (5.7%x12.3x1-in.)
bent plate was bolted to the bottom flange and welthe fascia side of Girder C. Figure 15
shows a basic plan of this retrofit. During coustion of the bridge, a bolt was placed in the
bottom cross-frame member, such that a longer dralf needs to be inserted to attach the
angles. With the diagonal and top cross-frame neesiholes must be drilled on both ends of

each cross-frame, for a total of four holes.
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Retrofit 4 is expected to require more labor andema than the other three retrofits

examined, and the retrofit may need to be apphedlliweb gaps if cracks are present. HSS 1

and HSS 2 were reduced by 71% and 75% respectiaély; the retrofit was applied when

compared to cracked, unretrofitted bridge. Thesstrfields can be seen in Figure 16. The
connection plate deformed out-of-plane much less tiine previous retrofits, but stress values
were higher than found after the other retrofitgevapplied.
previous retrofits might result in new problem wdéhne stiffener deforms out-of-plane because

the angles used were not long enough. Fromdfeglesretrofit, it can be seen that a longer

angle prevents out-of-plane distortion of the tvamse stiffener.

It should also be noted that the
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Figure 16. Stress in the bottom web gap of Girder @or the 4Angles retrofit. (Stress scale is from 6 140
MPa (0 — 20 ksi; Deformation scale = 100).

In Figure 17, the four retrofits investigated ammpared to HSS 1 and HSS 2 values
from a cracked bridge model with no retrofit. Ihfave models compared, cracks in the welds
connecting the flange-to-web and stiffener-to-wedsenincluded. Similar stress reductions were
found when angles were attached to the stiffendrvaeb with either an angle or backing plate
on the fascia side of the web. HSS 1 stresses redreeed the most when a backing angle was
attached to the fascia side of the web and theoimoftange, while HSS 2 decreased the most
when a backing plate was applied. After these retfits, the next most effective retrofit was

the labor intensive retrofit connecting anglesuerg corner of the cross-frames.
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unretrofitted bridge. All models contain a 25-mm (in.) web-to-stiffener weld crack and a 51-mm (2-ir) web-
to-flange weld crack.
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Conclusions

Distortion-induced fatigue is a complex issue ieestbridges with varying problem locations
depending on the bridge configuration. One retadies not always work for all bridge types or
locations within a bridge due to bridge geomeWyhen selecting a retrofit it is also important to
consider the amount of labor and materials requicemhstall a retrofit. Based on the retrofits
studied the following conclusions can be formed:

1. When 94-mm (3.7-in.) long angles were used withofé#tl, HSS 1 decreased by 80%
and HSS 2 decreased by 82% when compared to aechaghretrofitted bridge. When a
longer angle, 305-mm (12-in.), was applied on thktrside of the connection plate, HSS
1 and 2 decreased by an additional 2% and 1%, ctgply. Although this did not seem
to significantly reduce the stresses in the web rggjon, the longer angle did stop the
connection plate from deforming out-of-plane.

2. Retrofit 2 replaced the backing plate used in Riettowith a backing angle. Bolts were
used to connect the backing angle to the web attdrbdlange. The percentage of stress
reduction was slightly greater than with RetrofitHSS 1 decreased by 80% and HSS 2
decreased by 83%. With the increased amount ok wemuired during installation with
little additional stress reduction, the use ofltheking angle is not merited.

3. Retrofit 3 involved bolting angles to the connestidate and bottom flange, which is a
common retrofit in the field. When a 152x152x16-n{6x6x0.63-in.) angle was
applied, HSS 1 and 2 decreased by 72% and 77%eatesgly. If the vertical leg of the
angle on the right side of the connection plate @dended to 305-mm (12-in.), HSS 1

decreased by an additional 9% and HSS 2 an addit&8n.
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4. The fourth retrofit required all cross-frames tstfibe removed due to the 305-mm (12-
in.) long angles used in the bottom web gap of &ifd and the top web gap of Girder D.
HSS 1 and HSS 2 stresses in the bottom web gaprd&iGC were reduced by 71% and
75%, respectively. Retrofits 1 - 3 successfullgused the stress in the web gap region

without requiring removal of all cross-frames.

The angles with backing plate retrofit have beeowshto be effective in a full bridge model.
This retrofit is recommended in both the top anttdmo web gaps because there are no conflicts
with a concrete deck, the cross-frames do not teé&dst be removed, and minimal materials are

required when applying the retrofit.
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Appendix A: I-135 — 87 (43 and 44) Original BridgePlans
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Figure A.5. Abutment details.
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Figure A.8. Girder details.
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Figure A.9. Concrete details.
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Figure A.10. Bearing device details.
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Figure A.11. Expansion device and miscellaneous @ds.




APPENDIX B: BOLT MODELING TECHNIQUES

Steps to create a bolt and apply a bolt load

1. Create a 3-dimensional shank and nut as two sepaaats in théarts Modulewith the
diameter needed. The AISC Specification listd¥alts dimensions.
2. Apply section properties for the shank and nut.

3. Partition the shank perpendicular to its longitadliaxis in the middle of the shank.

Figure B.1. Bolt in the Parts Module with a partitioned surface in the middle of the bdt.

4. Create a pre-tensioning step after the Initial Steg before the Load Step.
5. Insert one shank and two nuts into Assembly One nut will be the head of the bolt and the

other will be the nut.

Figure B.2. One shank, head, and nut in th&ssembly.

6. Merge the three parts into one bolt. Do not ddle¢eold instances because they can be
altered later to make bolts with different dimemsio
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Figure B.3. All three bolt parts merged into one p&.

7. Apply a pre-tensioning load to the interior surfa¢¢he shank based on the AISC
Specification in the Pre-Tensioning Step. In tloads Module select Create Load, and name
the load. Choose the Pre-Tensioning Step, MechbnimerCategory select Bolt Load

under the section entitléld/pes for Selected Step

Name: | Bolt Pre-Tension Load

Step:  Pre-Tension Load H: 4+—
Procedure: Static, General
Category Types for Selected Step
@ Mechanical Concentrated force =i
T Moment

Pressure
Shell edge load
Surface traction
Pipe pressure
Body force

) Other Line load
Gravity

| Balt load -
Continue... Cancel

Figure B.4. The bolt load must be named. The bolbad should be applied in the step before the load
applied.

) Electrical

8. The program will prompt you to select interior sunés for the bolt load.
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Module: | Load [ Model: Model-t [ Step: Pre-Tension Load ]

] se ces for the bolt load |individually 7| [Done]

Figure B.5. Apply bolt load to the interior surfaceof the shank.

9. Next it will ask you to choose a side for the sloglinternal faces- brown or purple. Select

the color that appears on the interior surfacesgiacted.

Module:| Load [l Model: Model-1 [ Step: Pre-Tension Load [

(%] choose a side for the shell or internal faces:

Figure B.6. Select a side for the internal surfacdepending on what color is shown. In this figurethe interior
surface is highlighted brown, therefore select brow.

10. Select the datum axis that is aligned with the befiterline. This specifies in what direction
the load will be applied. Frequently you have igpthy all instances in order to see the

datum axis.
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Module:| Load i Modek: Model-1 [ Step: Pre-Tension Load [

[&] setect a datum axis that is aligned with the bolt centeriine

Figure B.7. Select the datum axis that corresponds the longitudinal axis of the bolt. In this casethe datum
axis should be z.

11.Enter the pre-tensioning load.

Mame: Bolt Pre-Tension Load
Type:  Bolt load
Step: Pre-Tension Load (Static, General)

Region: (Picked)

Method:  Apply force H
Magnit .
Amplitude: (Ramp) H @
Bolt axis: (Picked) |Edit axis..

0K Cancel

Figure B.8. Enter the bolt load found in the AISC $ecification.

12. Select the loading step next. From the drop downunto the right oMenu click onFix at

current length This stops the tensioning load during the logditep.

109



N step:/1cading H

Module: | Load M Modet: Moder-1

L=
LR =]

[ —
Name: Bolt Pre-Tension Load
=l Type:  Bolt load

Step:  Loading (Static, General)

Region: (Pickggh—"

a0
|

B

Magnitude: CalcO

e,

Boltaxis: (Picked)
* Modified in this step

«|[X] Fill out the Edit Load dialog

Figure B.9. Fix the length of the bolt in the stepvhere a global load is applied to the model. Thistops the
bolt from continuing to have a pre-tension load.

13.Tie the back of the head/nut to the front of treeksurface you are bolting to.

14.Create an interaction between the shank of thedmaltthe hole that the bolt will go into to

avoid the two surfaces from intersecting each other
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