Copyright

by

Andrew Scott Wahr
2010



The Thesis committee forAndrew Scott Wahr

Certifies that this is the approved version of the following thesis:

The Fatigue Performance ofCross Frame Connections

APPROVED BY

SUPERVISING COMMITTEE:

Michael D. Engelhardt, Supervisor

Todd A. Helwig



The Fatigue Performance of Cross Frame Connections

by

Andrew Scott Wahr, B.S.C.E.

Thesis
Presented to the Faculty of tBeaduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements

for the Degree of

Master of Science in Engineering

The University of Texas at Austin

August 2010



Dedication

To John Wahr, who made thsthpossible and desirable.



The Fatigue Performance of Cross Frame Connections

Andrew Scott Wahr, M.S.E.
The University of Texas at Austin, 2010
SUPERVISOR: Michael Engelhardt

A new method of connecting creBames to bridge girders had been proposed to
alleviateconcerns with current design practices. This nealf-pipe detail needs to be
examined for fatigue issues that may exist which would make it infeasible as a
replacenent candidate for the current bguiate design. A program of laboratory testing
was carried out to determine the comparative performance between tpgbaihd the
bentplate designs. These tests were then translated into a finite element model which
was examined to determine behavior over a wide range of designs scerfanas.
element results, along with the laboratory testing data, were used to determine the

appropriate use of the hgifpe stiffener.
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CHAPTER 1

Introduction

1.1 PURPOSE OFRESEARCH

Crossframes are an essential component of many steel girder bridges: they ensure
stability during the construction phase and help the bridge resist lateral loads over the
bridgeods I i f et ibidge. system| theseacrefmikes presEnt eseral
challenges to design and constructiolRigure 1 shows a skewed steel bridge under
construction. The end crofmmes and intermediate cresames are visible in this photo
(Quadrato 2010)



Figure 1-1: CrossFrames during Construction of the Lubbock 19St. Bridge

For skewed bridges such as that shown in Figule the intermediate cross
frames are typically placed perpendicular to the girders. However, the endrarnss
are normally oriented parallel to the skew, as shown in FiglreThe end crosframes
are therefore not perpendicular to the girder. Consequently, thefaoss must connect
to the girder at an angle. Fabricators often use afilatd to makeéhe connection to the
skewed cross frame. The bent plate detail is discussed in the following section. Concerns
have been raised that flexibility of the bent plate connection detail can adversely affect
the effectiveness of the creame in bracing thgirder. Concerns over the effects of the

bent plate led to the Texas Department of Transportation (TxDOT) investigation of which



the research presented in this thesis was a part. Additional results from the study are
presented in Battistini (2009) andidrato (2010).

1.2 TypricAL CURRENT CONNECTION DETAIL S

The detail that is frequently used for connecting cfeames to bridge girders is
to a plate stiffener. Plate stiffeners that are connected to cross frames are referred to as
connection platesConnection plates are most often oriented perpendicular to the girder
webs; however for small skew angles (less than 20 degrees) intermediate (between
supports) cross frames may be oriented parallel to the skew angle and therefore the
connection plates maajiso be oriented parallel to the skew angle. For skew angles larger
than 20 degrees, the AASHTO Specifications require intermediate cross frames to be
oriented perpendicular to the girder lines. As a result, the connection plates of the
intermediate stieners are perpendicular to the girder webs. Although the intermediate
cross frames are often perpendicular to the girder webs, in skewed bridges the support
cross frames are typically oriented parallel to the support angle. Although the support
cross fames are oriented parallel to the skew, the connection plate is most often oriented
perpendicular to the girder web since skewing the connection plate results in difficulty in
welding on the acute angle side of the plate. The connection that is oftebhatseen
the skewed cross frame and the connection plate consists of a bent plate



Figure 1-2: A Bent Plate Connection

An example of a bent plate connection is shownFigure 1-2 (this is an
intermediate crosfbame, but the detail is the same for end cffoeasies) A plate
stiffener is attached to the girder with no skew; then the bent plate is bolted to the
stiffener and the crosframe bolted to the bent plate. Thistle typical solution for
bridges with a skew in excess of°20N/hen the bridge has a skew angle that is less than
20°, AASHTO allows the skewing of the plastiffener itself, as described abovestaad
of the use of the beipiate(AASHTO 2007)

Although the bent plate provides a solution that makes the connection relatively
easy to fabricate, the resulting connection has a significant amount of eccentricity and

flexibility. The flexibility of the bent plate can lead to substantial reductions in the



stiffness of the cross frame system which is not typically considered in the design process
(Quadrato 2010)

1.3 PRrRoOPOSEDNEW DETAIL

A solution proposed to alleviate the eccimily and flexibility of the benplate
connection detail is to replace the traditional connection plate at the supports with a round
stiffener that is created by splitting circular pipe (Quadrato 2010). With this detail, a pipe
is cut in half, and the Ifapipes are then welded to the girder where the plate stiffener
would have been. The crefame can then be attached at any angle to the pipe, allowing
for simple fitup of a skewed crodsame at the ends of the girders. The {paffe
connection provids significantly higher stiffness than the bpldte connection
(Battistini 2009)
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Figure 1-3: Half-Pipe Connection in Laboratory Tests at The University of Texas,
Austin (Quadrato 2010)

An example of the proposed hdlipe connection is shown iRigure 1-3: the
split-pipe is welded to either side of thedgr. Then a plate is connected to the-page
on both sides at the required skew angle. The circular pipe allows for any skew angle to
be easily accommodated in-€ip without having to bend a plate to a precise angle or

using a skewed connection plate



In addition to providing a stiffer crodsame to girder connection, the haljpe
detail also provides additional torsional warping restraint at the end of the girder. This
warping restraint increases the lateral torsional buckling capacity of the gindemay
permit a greater spacing between the end drasses and the first line of intermediate

crossframes(Quadrato 2010)

1.4 FATIGUE CONCERNS FORHALF-PIPE

In evaluating the feasibility of the hgtipe connection detail, dasue of concern
is the fatigue performance of this detail. Of particular interest is the question of whether
the proposed halbipe detail would be worse than the currently used fsttiener in
fatigue loading. Thus an investigation is needed to ensnat replacing the plate
stiffener with the halpipe stiffener will not lead to fatigue failures.

Bridges are subject to continual loading and unloading cycles thmutgtneir
functional life. This type of loading can cause fatigue failures thattresti from
yielding the material, but causing crack growth in the material itself at bgtd/stress
levels. A connection may be able to handle high stresses well in laboratory testing, but
cause fatigue failure either in the connectionitselhdh e br i dge el ement
connectingover the course of millions of repeated loads.

Fatigue results from craaigrowth due to these repeated stress cycles. Fabricated
steel components typically have a combination of defects in the material itgedfl s
the welds used to join the structural elements. Because of stress concentrations near the
tips of cracks in the material and welds, the cracks can propagate due to cyclic stresses.
Depending on the initial crack size, the stress concentratiah,tlee magnitude and
frequency of the stress cycles, the cracks may grow to a critical size resulting in brittle
fracture of the structural element. The fatigue life of a structural element is related to the
time that it takes for a defect to grow to dical crack size.

The potential difference in fatigue life results from thssimilar geometries of
the connections. Both the hgiipe stiffener and conventional plate stiffeners are welded

7



to the girder flanges and web. An issue of interesthsther the halpipe stiffener
introduces stress concentrations than conventional plate stiffeBFess concentrations
often exist at locations with changes in the structural geometry. Points of stress
concentration can be sites for crack formatiad growth which lead to eventual fatigue
failure (Unsworth 2003)

AASHTO provides eight fatigue categories that are dependent on the geometry of
the plate or structural components. The categories are classified from catagooygh
E ratings (with the addition of B', C', and E' categories) that represent how that detall is
expected to behave under repeated loading. The categories are often represeited in S
curves, which are graphs of the number of cycles (N) to failura fmarticular constant
amplitude stress range (S). A graph of thN Surves for the eight AASHTO fatigue
categories is provided figurel-4 (AASHTO 2007)

Fatigue Life

100

/)
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\ o

;‘ —_—D
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H
o

1
10000 100000 1000000 10000000 100000000
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Figure 1-4: AASHTO Fatigue Categories



The fatigue categories and details compiled in AASHTO are based upon a wide
range of laboratory tests. The platdfener currently has a caery C rating as
designated by AASHTO. Consequently it would be desirable for theplpafstiffener at
achieve a category C rating or better to ensure that its fatigue performance is not worse

than the conventional plate stiffener

1.5 PREVIOUS RESEARCH ON FATIGUE

A review of the literature revealed no previous research on the fatigue
performance of halpipe stiffeners. Although previous research has been conducted on
the warping restraint provided bwlltpipe stiffeners, this workvas related to building
applications and thus fatigue was not a significant con@@jadvo and Chambers 1977)
Previous research on platéffeners had already resulted in a category C rdfRay et.
al 2003) A goal of this project was not tmiestigate fatigue performance of plate
stiffeners directly, but instead to provide a compmaribetween platstiffeners andalf-
pipe stiffeners.

Research had beamonductedon builtup girders with corrugated webs such as
the one shown irfrigure 1-5 (Anamia et. al 2005) The geometry and construction is
somewhat similar to the welded, circular geometry in theripd stiffener. An example
of a girder with a corrugated web is shownFigure 15. Although the twoare not
identical, fatigue research for corrugated webs may be able to provide insights into the

fatigue behavior of the haffipe stiffener.
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Figure 1-5: An Example of a Girde with a Corrugated Web

Research projects have undertaken the study of corrugated webs both through
physical testing and finite element modeling. The physical testing of this detall
universally involved building a girder with a corrugated web to somengipecifications
and then loading it repeatedly under a consstmgissrange in the girder flangeFour
point loading was typically used, in which a section in the middle of the girder was under
constant moment. In these experiments, the load cyclingcaainued until a crack
developed in the girder. The location of the crack, stress range and cycle count at which
it occurred were recorded. This would then serve as a data point at which to rate the

connection. An example of this testing can be seé&gurel-6 (Anamia et. al 2005)
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Figure 1-6: Testing of a Corrugated Web Girder

Other studiegonsisted ofinite element analyses that were designed to determine
how the corrugation of the web changed the flow of stresses thomighe girder. The
analysis was sed to locate pointsf maximum stress and to evaluate the magnitude of
that stress in relation to whatould be expected by purely flexural loading without
geometric changes. An example from researclthe corrugated web gird@knamiaand
Sausel2005) is showrrigure1-7.

11
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Figure 1-7: Computationally Generated Stress Field in a Corrugated Web

Both the physical testing and computational testing revealed the point of
maximum stress to be in the center of the bend ofdheigated web along the weld toe
(Sause et. al 2003)This is the equivalent of a point located at 3atigle from the web,
along the edge of the weld used to attach thepp# to the girder when comparing the
corrugated web to the hgtipe. This vas always the point of crack formation for the
corrugated web girders, as well as the point that the various finite element analyses

showed had the highest concentration of stresses for the corrugated web girders studied.
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The data found in the researchgupr t ed a rating of categor

a corrugated web. Some of the physical results suggested that it was possible that it may
be able to receive a higher rating with more research or betterqualdly (Sause et. al
2006) Other studies indated that ratings higher than categoryniay not be possible
(Anamia and Sauseb 2005 ased on the previous work on corrugated web girders, then
it may bereasonableéo expect that girders with hglipe stiffeners may also be able to
achieve a categp B' rating. This suggests that the hpipe stiffener will be no worse
than a plate stiffener from a fatigue performance point of view, and may in fact be better.
Additionally, the problems that resulted fistigue failure in the corrugated web
testswould be mitigated by the differences between it and thepiadf stiffener. It was
found thatfor the corrugated web girdexsiacks formed on weld stegiart points and are
influenced by the disruptions in the strdéiedd caused by bending tiveeb (Anamia and
Sauseb 2005) The halfpipe stiffener will not have the same impact on the stress field
since a typical, planar web will still be present and serve as the primary path for flexural
stresses in the web. It mayso be easier to control tlggality of the weld between the
half-pipe stiffener and the girder flange, as this weld can likely be completed without

intermediate stops and starts.

1.6 OVERVIEW OF RESEARCH PROGRAM

In order to determine the fatigue properties of the-piglé stiffener, a twgpart
research program was undertaken. The first was to perform physical testing on-the half
pipe and the second was to do computati@amalysesusing a finite element model to
further investigate the connection.

The physical testing was designed to compheeHhalfpipe stiffener directly to
the platestiffener by testing both connections simultaneously in the same girder. Due to
the time and cost involved in fatigue testing, only a limited number of tests were

conducted. Similar to previous tests on coated web girders, the girders with plate and
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half-pipe stiffeners were tested using a fpoint loading arrangement that provided for
constant moment in the region of the girder with the stiffeners.

Once the laboratory testing was complete, finite elemeudels were developed
of the connections. These models were used to closely examine thefiskiess
generated in the girder at the stiffener locations. The models were also used to examine
variables that were not included in the test program, suclr&gions in pipe diameter
and wall thickness, weld size, girder dimensions, and other parameters.

The experiments andnalysesdescribed above focused on the impact the- half
pipe stiffener would have on the potential for fatigue failure of the girdea lAst stage
of this research project, a brief investigation was conducted to evaluate the potential for
fatigue problems within the haffipe stiffener itself, due to localized distortions arising
from the connection of the crefmme to the halpipe siffener. This portion of the study

was conducted exclusively with finite elemamialyses
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CHAPTER 2

Experimental Setup

2.1 TESTING GOALS

A program was designed and implemented to test the fatigue performance of both
the proposed halbipe stiffener connection alonwith the platestiffener connection that
it would replace. This program was intended to evaluate the proportional fatigue
behavior of the pipe stiffener as compared with the original solution. The data would
then also be used to validate a finite elenmantiel which could be used to investigate
the fatigue effects of various parameters of the-pigié stiffener design, such as the pipe

thickness and diameter

2.2 TEST SPECIMENS

The specimens used in the fatigue tests consisted of four different girders. Six
girders were fabricated in this process, but only four were tested and only those will be
described in this report. The girders were fabricatadimhfeld Steel Company in San
Angelo, Texas. Each girder consisted of W21x101 rolled wide flange be&8ToV!

A992 steel. The specified properties of a W21x101 are listétable 2-1. All the

girders were ordered to 25 feet lengths to provide 6 inches of overlagnensdte of the

24 feet clear span of the test setup. Since the loading provided some lateral restraint,
laterattorsional buckling was not a concern in these tests. The loading on the beams was

chosen to keep them within the elastic range
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Table 2-1: Properties of a W21x10{AISC 2005)

Girder Depth 21.4 |in
Flange Width 12.3 |in
Flange Thickne$s0.8 |in
Web Thicknegs 0.5 [in

Ared 29.8 |in?
Ixx| 2420(in*
lyy| 248 |in®

Each girder had six different stiffeners consisting of either steel plates or split
steel pipes. Each piece was attached to the girder as it would be if it were to be used as
a crossframe connection plate. The pieces were welded to both flanges dreweb.

The plates were placed either perpendicular to the web or at a skewed angle. The
stiffeners were welded on either side of the web with each specific stiffener type
positioned as it would be at the support of a typical steel interior bridger.girthe
sections through the stiffeners in Detail 1 and Detail 2 in FigutesBow how the
stiffeners were oriented on either side of the web for the skewed stiffener and the half
pipe stiffener. The normal plate stiffeners were placed at the sama&ultingl location

on either side of the web.
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Figure 2-1: Design of Specimens

Figure 2-1 shows the layout of the girders that were fabricatddgure 2-1
illustrates two different designseach design hadwb girders created to those
specifications. On the letif the girder,the plates were installed at a skewed angle of
either 30 or 60 dependingon the design. In the middle aiee halfpipe stiffeners and

on the right ar¢he perpendiularplatestiffeners, i.etwo platestiffeneis with a 0° skew.
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Figure 2-2: A Steel Pipe is Split in Half before Installation on the Girder

The halfpipe used on either side of the giraeass created by taking a full pipe
and splitting it in halivith an acetylenéorchas is shown ifrigure2-2.
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Figure 2-3: A SpecimerBeing Measurel During Fabrication

Once each individuatiffenerpiece had beecut and preparednd the girders cut
to length, the placement of the plates and-pgiéswere measured and marked on the
girder. This is demonstrated figure2-3. The piecesverethen spot welded into place

in preparation for complete welding.
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Figure 2-4: A Half-Pipe is Spot Welded into Place Rreparation for Welding

Figure2-4 shows a halpipe that has been spot welded prior to being fillet welded
to the girder. As can be seen in this figure, the flame cg¢sdf the pipe were quite
rough. Further, a small gap was left between the ends of th@ipalsegment and the
inside faces of the girder flanges. That is, no attempt was made to achieve a tight fit
between the hafpipe segment and the girder flang&he specimens were prepared in
this manner to assure that the quality of fabrication was not better than typically used in

bridge fabrication practice, and perhaps somewhat worse. This was done so that the
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fatigue tests would provide a conservative estmait the fatigue performance of the
half-pipe stiffener with respect to fabrication quality. . After spot welding, a continuous
fillet weld was placed around the entire edge of the-pigkt segment, connecting it to
the girder web and flanges. The weldsnmade continuous to completely seal the pipe to
avoid collection of debris or corrosion on the inside of the pipeh could become an

issue in real bridge girdersigure 25 is a photo showing welding of the haipe

stiffener.

Figure 2-5: Welding Half-Pipe Stiffener to the Girder

The plate stiffeners were welded on both sides to the web and to both the top and

bottom flange. The corners of the plate stiffeners were clipped to allow clearance of the
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webflange fillet. The welds connecting the stiffeners to the web and to the flange were
terminated at the clip. Consequently, the welds to the web and to the flange did not meet.
All welds were completed in building division of Hirshfeld Steel. Whilesth
welds are likely representative of welds that would be found in practice, it is likely that
welds of equal or better quality would be likely in the bridge division of the fabricator
since fatigue in the welds is more critical. The stiffeners would lé&dely have a more
accurate fit by a bridge fabricator. In as such, the welds and fit up of thpipaland
plate stiffeners are representative of the worst conditions that would likely be

encountered in bridge practice

Figure 2-6: Completed Test Specimen
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Figure 2-8: Welded Details for Plat&stiffener
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Figure2-7 andFigure2-8 show the welded connections for the Halfe and fate
T stiffener. Included in each figure is a cr@estional image taken after the specimen
was cut for autopsy following the completion of the fatigue testing. A clear gap can be
seen between the stiffener itself and the girder.

Once the welding proceswas complete, including installation of two bearing
stiffeners on each end of the girder (which were not part of the research, but were
provided for safety and stability of the test specimen) the specimens were shipped from
the Hirshfeld Steel Company iBan Angelo to the University of Texas Ferguson
Structural Engineering Laboratory for testing

2.3 TESTSETUP

With the specimens fabricated, a testing system needed to be created that would
allow for testing of the connections that had been installed on each girder. The overall
goal of the testing was to determine the impact of repeated loading under flexural
conditions. The test setp was design to, as closely@sssible;simulate this loading in
a controlled scenario. This meant that a repeated and well defined flexural load needed to

be applied to each connection up until failure occurred.

COMMETTRION PLASE [DETERMME

E I SQE & HOW TU COMELT Rak)
ki o
:‘;‘ 1 E 1
t
:.i

R FRAME BEVDRD

Figure 2-9: Test Frame SetJp
24



A drawing of the test setup is shown in Figufé.2 The test specimen was a 24

ft. long simply supported beam. Loading was applied to produce a region of constant
moment in the middle-8. segment of the specimemound the stiffenersThe loading

was applied by a hydraulic ram located at the middle of the beam. The ram applied load
to a spreaddveam that transferred equal reaction loads to points on the beam four feet on
either side oftie midspan which generated a region of uniform monfeubber bearings

were placed between the spreader beam and the specimen. The hydraulic ram was
attached to a reaction frame that was connected to the laboratory strong floor and laterally

supported bytsuts attached to the laboratory reaction wall. An overall view of the test

setup is shown in the pto in Figure 210.

Figure 2-10: Overall Arrangement of Testing Mechanism
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2.3.1 Hydraulics

To create cyclic loding, a hydraulic ram was used. The end of the ram was
attached to a load cell which was used to monitor and control the load applied to the
specimenThe end of the ram was attached to a load cell which was used to monitor and

control the load applied tihe specimen.

Figure 2-11: Hydraulic Ram, Load Cell, and Servo Valve

The components of the closed loop system are shoviagure 2-11. An MTS
hydraulic control unit was used to specify the signal to the servo valve that controlled the
oil pressure to the ram based upon feedback from the load cell.-lo&dieg was
specifial by the hydraulic control unit to achieve the desire stress range. The pump was
an MTS SilentFlo pump with a 3000 psi max pressure and a flow rate -@faflons per
minute. All tests were run on load control, based on the signals from the load cell.
Loading was chosen to produce selected stress ranges in the flanges of the test specimen.
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In the closed loop system, the hydraulic control unit sends a signal to thevabrdo

direct oil to the either the pressure or return side of the ram to achigwecdic load

level. The servo value continues to direct the oil until the desired load level is achieved
based upon the signal from the load cell. A hemispherical bearing was used between the
load cell and the loading beam to ensure the load was dpipli®nly the vertical

direction

Figure 2-12: Application of Load to Specimen

The bottom of the ram, loackll, bearing, spreader beam (painted yellow) and
specimen are pictured Figure2-12. The load points from the spreader beam are well
outside of the portion of the specimen containing theipl and plate stiffeners. The
hydraulic pressure is supplied fronpamp located in the laboratory.
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The hydraulic loading system was capable of applying cyclic loads at a frequency
of approximately one hertz. The total number of cycles applied to each specimen was in

the millions and this meant that several weeks wenainedfor each test.

2.4 MEASUREMENTS

The measurements that were used to evaluate the various connections tested were
the stress ranges each connection was cycled at, and the total number of cycles at that
stress range at failure. The cycle count was meadwyrede electronic controller. The
stress range was determined through stra@asurements of the specimen directly.

The stress range represented the difference between the maximum and minimum
stress experienced by the stiffener to girder connections ghreach cycle. The
connections spanned the entire height of the viel,all the fatigue problems were
located at the surface of the tension flange. This is where the stress was the greatest by
one of the welds used to connect either the atiener of half-pipe stiffener to the
girder, and fatigue is a tensiamly concern (and thus the compression flange was not of
interest to the tes{Jrisher et. al 1998)

To determine what the stress range was at the surface (top) of the tension (bottom)
flange, eight straingauges were placed on each specimen. These were placed on the
edgeof the flangs in the areadetween the halpipe stiffener and the plate stiffeners.

They werelocatedon both the tension and compression flandgeur on each, to ensure
that the load was being appliedthe girdeappropriately.

Using the assumption that plane sections remain pleneorresponding strain at
the topside of the bottom flange was calculated based on the position of the strain
gauges. This was theonverted into stes by multiplying by 29,000ksihe modulus of
elasticity of steel

When a new specimen was placed in the test frame, a static load was applied first.
This load was increased from zero up until thesired, maximunstress level was
reahed. Each specimen was unique and so the gjeaiges were relied upon to
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determine the load needed to reach a given stress [Eweloutput from the load cell and
the strain gauges were compared with the predicted analytical analysis to ensure there
were no major errors, but the strain gauges were used to determine the loading.

The stress range was always set between 5ksi and some greater value, either 20
ksi or 25 ksi depending on the test. For a fatigue analysis, the stress range is primary
interestrather than the absolute stress level rea¢Ristier et. al 1998)

There were several problems thdgveloped in the hydraulic loading system
during the testing of the four specimetiat required the loading to be stopped on
multiple occasions. Each ime a problem occurred the number of cycles, stress range,
and all of the settings of the test were recordedhenTthe faulty part or parts were
identified and fixed or replaced. When the test was restahte count was begun from
where it had left offwith the settings duplicated. This allowed for an accurate
continuation of the testing, with measurements taken from the strain gauges to ensure that

the same stress range was being achieved.
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CHAPTER 3

Results of Physical Testing

3.1 OVERVIEW

This chapter presentand discusses the results of the experimental program
discussed in Chapter 2. Four individual beams were tested, each one hatiffenér
connections. At the end of testirggch stiffener wasxamined for cracking that had not
been observable duringsting and had not caused failure in the beam. The number of
cycles to reach failure in each beam, along with the stress ranges that the beams were
exposed to was recorded in order to determine the fatigue behavior of the various

connections.

3.2 INSPECTION FOR CRACKS

During the loading of the specimens and after completion of testing, each beam
was examined for the presence of cracks usingdestructive and destructive testing.
Non-destructive testing consisted of both visual inspection as well as nagaeticle
inspection. Inspection for cracks was done both during testing and after failure. In
general, most cracks were discovered while loading was taking place as the crack would
open and close as a result of the load cycles and these changes madekihienore
apparent.

Magnetic particle inspection was used to find cracks developing during the
|l oading cycl es, or afterwards to find <c¢craclk
magnetic particle method of crack investigation works by creating aetiadield within
the beam and adding fine, magnetic particles to the surface. The particles then align

themselves according the magnetic fields that are generated in the beam. A crack in the
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beam causea changen the magnetic field that changes the pattern of the magnetic
particles.

Both unaided visual inspection and magnetic particle inspection were successful
in discovering cracks of around a quarter to a half inch long on the surface of the beam.
The magnet particle investigation revealed slightly smaller cracks and made it much
easier to identify cracks when the beam wakaded It was uncertain; however, what
the minimum crack length was that could be observed by either method. Visual
inspection and @gnetic particle inspection were both limited to crack discovery on the
surface of the beam, they could not detect cracks that did not originate on, or propagate to

the beambs surface.
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Following fatigue testing the stiffener to flange welds were autopsikxtate
cracks that had initiated below the surface of the beam, or had not become large enough
to be able to see either through general visual inspection or magnetic particle inspection.
This was done by first removing the part of the beam that wiasenést for testing. Cuts
were made with an abrasive saw to remove the part of the beam of inter&sg(see
3-1). Making cuts using a torch waks@a considered but not used to ensure that heat from
the torch would not cause a crack surface near the cutting plane taplase result of

the high temperatures generated

Figure 3-1: Using an abrasie saw to cut out sections of interest for destructive testing

The section of the beam which was removed was then cut into small slices,
typically about three quarters to one inch wide, using a band sawi(gee3-2). These
specimens were then bent manually. If there was a crack present, the bending of the

piece would tend to open the crack, making it visible
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Figure 3-2: A piece of the beam that is to be tested for fatigue cracks is cut into five,

narrow sections using a bandaw (this is the perpendicular stiffener from beam 30A)

Continuous plastic deflection was observed when there were no cracks in the
specimen bing tested, or all the crack sizes were below the threshold which could be
revealed by this method-igure3-3 shows an example of a specimen that was bent until
it was determined that there were no crack surfaces which could be exposed. The cracks
observable on the bottom of the specimen were mgnoedated with a bandaw to

facilitate bending
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Figure 3-3: Plastic Yielding in Destructive Testing

When there was a crack in the specimen being tested, the crack surface would
open and reveal where the crack wasigure 3-4 shows a sliced specimen prior to
bending. No cracks can be seen on the surface or looking at asectien of the weld.
Figure3-5 shows that same specimen after bending when a clear crack can be oaterved
the weld toe. This process was used to evaluate each specimen cut from the stiffener to

flange weld connections
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Figure 3-4. A Specimen before Destructive testing

Figure 3-5: Destructive Testing Revealing a @ok
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3.3 BEAM ONE: 30DEGREE SPECIMEN (30A)

The first beam tested gi ven t hehadntaangpe stiBe@efsivp
perpendiculastiffeners, and two stiffeners at a 30 degree a(sgleFigure3-6). It was
loaded with a 15.2ksi stress range 2,059,727 times before a fatigue crack developed at the
thirty degree stiffener. A plate was placed overdteck on the bottom of the tension
flange and the testing was continued at the same stress range for 810,561 more cycles. At
this point a fatigue crack propagated through several feet of the compression flange,
initiating at the kregion not close toany of the stiffenersbut underneath one of the

loading points of the spreader beam

Figure 3-6: Beam 30A with two 30 degree stiffenergja pipe stiffeners and two

perpendicular stiffeners (only one sid#own here, the reverse side is mirrored)
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The crack at the 30 degree stiffener appéato initiate at the weld toehe
outside of the weld, on the interior side of the stiffener (the acute angle Shis)can be
seen inFigure3-7. It then propagated inwards, towards the ael out to the edge of
the flange The load cycling was stopped when the crack reached approxirfaiely

inches(stoppingabout one inch émthek-zong.

Figure 3-7: Location of Fatigue Crack on a Skewed Pla&iffener

At this point a pate with dimensions equal to thaftthe flange ifTmeasurements
of width and thicknesgseeFigure3-8), was bolted to the flange over the credlareaas
well as the area that calpotentially crack due to tH#0 degree stiffener on the reverse
side of the beam Thepurpose of the plate was to significantly reduce stresses through
the portion of the flange itselfhat was connected to the skewed stiffeaed thus keep
the crack from growing and stop any other cracks that had begun to form so that the

remaining fourconnections on the beam could continue to be tested.
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Figure 3-8: A plate is put over the crack surface to prevent the crack from spreading

Once the overall beam had reached a total of 2,870,288 cyclest @lbtress
range of 15.2ksi) a crack was ohsat on the top, compressiflange (seeFigure 3-9).
This crack waswenty-four inches longjt wasnot noticed untiltihad reached this length
because it was not in any of the critical areas under observation. The formation of a
crack at one of the twimad points on the beam at the compression flange is unaccounted
for. No theories are put forward as to its causey th@ observation that it is unrelated to
any of the conections that were being testad it was too far away from them on the
beam to be significantlynpactedby them and that it ended the testing®¢am30A, as
further cycling was no longer viableiits cracked state.
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Figure 3-9: Crack on the compression flange of Beam 30A

For this specimen, fatigue failure occurred at the connection of the 30 degree
stiffener to the girder flange. No other stiffecennections failed, thus the two haipe
stiffeners and the two per pantdgidculnaera ndg tnigf fter
the number of cycles they were taken, they did not crack. As a result, all that can be said
of them is that they performeabove the demands that this test imposed.

To determine if any cracks had formed that had not reached the surface of the
flange or had otherwise escaped visual inspectimih the half-pipe stiffeners andhe
perpendicular stiffeners were removed from the beam, cut into strips, and behepast
yield stateto find any crack initiation sitesNo incipient cracks were discovered around
the half-pipe stiffener, but a crack was found lwoth of the perpendicalr platestiffeners
Theyhad formed on the outside of the weld connecting the stiffener to the bottom flange,

approximatehh al f way down t he wel dds | engt h.
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The testresultsarec o mpar ed t o AASHT Odcategdriastin gue r a
Figure 3-10 (AASHTO 2007) For the connections in this beam, one of the 30 degree
stiffeners failedafter havingpassed he BO | i ne (doirhmgitoftteatt t er t he
category), theerformance of theecond 30 degree stiffener waisclear as theflange
plateinstalledaltered the stresses going through the flange at that area after th&0first

degresstiffener failed.

20

—B
- — B
g
Py ) — s C
g RunQut
o —_—C
4
5 ¢ 30 Deg Stiffener
A Perpendicular
Stiffener
® Half Pipe
Stiffener
10 N
1 4 16
Cycles Millions

Figure 3-10: A S-N plot of the fatigue life of Beam 30A

The half pipe stiffeners and perpendicular stiffeners botkFoudnagain beyond
the BO6 | ine. At 15 . 2k sdemonstrdiecthasyt coneext®on r an g e
could perbrm above the B category, as B category details are assumed to never fail at a
stress range lowerhan 16ksi. Te additional cycles undergone by the remaining

stiffenersthereforedid notchange théAASHTO fatigue category
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3.4 BEAM TwoO: 60DEGREE SPECIMEN (60A)

Thesecod beam test ed,0Adi, v enhalfpige eiffemeasmeoc 6 6
perpendicular stiffeners, and two stiffeners at a 60 degree angle. It was loaded with a
15.6ksi stress range 1,451,654 times before a fatigue crack developed at tdeggieéy
stiffener. A plate was placed over the crack on the bottom of the tension flange and the
testing was continued at the same stress range for 1,565,975 more cycles. The beam,
including bothhalf-pipe stiffeners and both perpendicular stiffenerched a total of
3,017,629 cycles Testing was stopped at this point because a fracture had developed at
the edge of the plate used to cover the initial crack (a@dge of the fraying surfaceee
Figure3-11).

Figure 3-11. Crack on 60A at the edge of the repair plate

Destructive testing was performed on this beam as well, for both the pipe
stiffeners and the perpendicular plate stiffeners. No cracks were discovered on any of the
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tested areas for this beam. The method of testing (bending small strips of the flange
comected to the weld) does not yield conclusive proof that no cracks were forming, but
would generallyreveal any significant fractures, including those too small to observe
without testing. Each strip can only be bent in one direction, which limits tthegtés
either just one side of the weld, or half of each side of the weld.. The latter approach was
used inthis project. Thus, that no cracks were discovered in these tests is not proof that
they did not exist. However, when cracks are observed byrnéibod, as was the case
with Beam 30A, it gives information as to the location of future crack growth as well as
showing that the | imit of that particular <co
Test results for Beam 60A are compared to the AASHaWyde categories in
Figure3-12. Here one of the sixty degree stiffeners passed the category C rating, but not
the category B G@pipée dtiffereers ad twio Iperpertdiautar stiffaniers both
ran out affer having passed the categoryliBe. The stress range used here, 15.6 ksi, was

again too low to pass the minimum 16 ksi limit for the B category
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Figure 3-12 A SN plot of the fatigue life of Beam 60A
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3.5 BEAM THREE: 30DEGREE SPECIMEN (30B)

The third beam tested, g i-pipe stiffeners,etwon a me 06 3
perpendicular stiffeners, and two stiffeners at a 30 degree angle. It was loaded with a
15.4 ksi stress range for 3,250,000 cycles before the testing was stopped. No fatigue
crack was observed at any point along the beam at the time the decision was made to end
the test and switch to the next beam.
The stress range used, 15.4 ksi, was agaifotedo pass into a category B range,
and the category 'Bange was passed at about 1.5 million cycles less than half the total
cycles undergone by this beam. It was determined that no further information could be
provided by continuing to cycle the beamkigure 3-13 shows the test results in

comparison to the AASHTO fatigue categories
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Figure 3-13: A S-N plot of the ftigue life of Beam 30B

3.6 BEAM FOUR: 60DEGREE SPECIMEN (60B)

The fourth beam tested, g-pipe stiffenersht@o na me 0

perpendicular stiffeners, and two stiffeners at a 60 degree angle. It was loaded with a

43



21.7 ksi stress range 801,593 cycles before a fatigue crack was observed in the girder
tension flange at the sixty degree stiffener. A plate was placed over the crack on the
bottom of the tension flange and the testing was continued at the same stress range for
599,445 more ates. The beam, including both halpe stiffeners and both
perpendicular stiffeners reached a total of 1,101,038 cycles. Testing was stopped at this
point because a crack was observed in the girder tension flange at one of the
perpendicular stiffeners.

Though the total number of cycles is significantly lower than previous tests, the
high stress range makes the results consistent with them when comparing against the
AASHTO fatigue categories. This was also the only case where a crack was observed at
a pependicular stiffener during the test besides the small cracks detected during the
autopsy. The crack observed at the 60 degree stiffener was similar to that seen with the
previous 60 degree stiffener and with the 30 degree stiffener that failed. Astastekl at
the acute, exterior weld toe and propagated through the flange perpendicular to the
longitudinal axis of the beam.

For Beam 60B, the crack in the girder flange at the perpendicular plate stiffener
occurred along the length of the weld. The tmraof the crack initiation could not be
determined more precisely than being on the toe of the weld. The crack spread along the
entire length of the weld through the flange, and testing was stopped before it progressed
through the entire flange width.

Overall testing on Beam 60B had to be stopped at the formation of this second
crack, causing both the haifpe stiffener and the perpendicular stiffener to be placed at
the same location on theNsplot. However, for the hafbipe stiffener, this point detes
run-out whereas for the perpendicular stiffener this point denotes failsigure 3-14
shows the results for Beam 60B on aN $lot with the ASSHTO fatigue caqories. The
higher stress range for this specimen would have allowed for thepiadf stiffener to
have potentially passed into the range of category B. However, the test was terminated

before reaching a category B rating and so it remains undetermitedpipe stiffener
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could reach that rating. The 60 degree stiffener passed the C category, but did not reach

B', as the other two stiffener types did
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Figure 3-14: A SN plot of the fatigue life oBeam 60B

3.7 COMPILATION OF RESULTS

Each beam tested represented six individual connections between stiffeners and
the girder tension flange. These six connections included two perpendicular stiffeners,
two skewed stiffeners which were placed at either a $Pedeor 60 degree angle, and
two half-pipe stiffeners. In the following sections, the results of the tests are

summarized.

3.7.1 SkewedPlate Stiffeners

There were eight different plate stiffeners tested at an aodlee webor skew
four at 30 degrees andur at 60 degrees. Of those eight, three failed during testing.
Because of the method employed to stop crack propagé#tieraddition of a platever

the crack, the equivaleskewedplate stiffener thatvas on the reverse side thie beam

45



was not tesi atter the cracking of its partn@nd so can only be said to be better than
the fatigue life achieved kthe first one to fail

Table 3-1: Performance of Skewed Stiffeners

Stiffener
Stress| Total .
on Failure /
Beam _ Range| Cycles
Specimen _ RunOut
(ksi) (cycles)
(deg)
30A 30 15.2 Failure
2,059,727
30B 30 15.4 RunOut
3,250,000
60A 60 15.6 Failure
1,451,654
60B 60 21.7 Failure
501,593

Table3-1 shows a summary of each of thleewedor angled stiffeners. In none
of the four beams tested did the skewed stiffeners outperform either of the other two
connection types (thiealf-pipe stifener and perpendicular plate stiffeneBoth failures
of a 60 degree skewed plate stiffener occurred after they had passed the category C
threshold but before they reached tHec&egory. The failure of the 30 degree skewed
stiffener occurred pastti®6 cat egory, and thaseonBeam3DIBgr e e
ranout pastthe B' category(but at a stress range that did not allow passing the B
category line).This can be seen Irigure3-15, which shows the skewed stiffener results
plotted against the relevant AASHTO fatigue category lines.

The failure of the skewed stiffeners initiat@a every caseon the exterior weld

toeon the interior side of the stiffener. That is, at the edge of the weld, on the end nearest
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the outside of the flange, on the acute side of the skew angle. These cracksedatelop
the weld toe, and then grow perpendicular to tlbegitudinal axis of he beam. The

orientation of the cracks was therefore perpendicular to the direction of the flexural stress

in the flange
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Figure 3-15: A S-N plot of the fatigue life of skewed stiffeners

3.7.2 Perpendicular Stiffeners

Every one of the four beams tested had two perpendicular stiffeners welded to
them. Thus a total of eight perpendicular stiffeners were tested, out of which one failed
due to fatigue cracking. Two of them, when taken apart following testing, showed
evidence that fatigue cracks had developed, but had not been detectable before dissection.
The remaining five did not crack and showed no incipient cracks upon dissection.

The failed perpendicular stiffener developed a crack on the weld toe, at the
outsde of the weld: closesb the edge of the flangd-igure 3-16 shows a picture of this
crack, takeraftermagnetic particle inspection. The negttalparticleslay dong lines of

material discontinuity:in this case a fatigue crack. The meparticles were also
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attracted to the edge of the welahd the plate stiffeneitself, but theselines both
represent geometric discontinesi even without a fatigue crack. $hmade it impossible

to determine if the crac&bservedhere was a continuation of a crack along the length of
the weld or if the entire crack was located at the end of the stiffener near the free end of

the flange.

Figure 3-16: Fatigue crack at a perpendicular stiffener on beam 60B

The two cracks diswvered through dissecting lmeam atfer cycling were both
found on B2am 30A. Each showed a seruircular area beginning at the top of the flange
and noving down approximately ortéird of the thickness. Each crack was found about
half-way along the length of the weld, at the welddseseen ifrigure 3-17.
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Figure 3-17: Location of Fatigue Crack on a Perpendicular Platstiffener

Table 3-2 shows asummaryof the performance ohe perpendicular stiffeners.
The discovery of incipient cracks in two of the perpendicular stiffeners would indicate
that they were near failure, but do not provide a spegiffober of cycles to failure¢hus
all that can be said of the three beams wiiadl both perpendicular stiffeners raat
without a tesending fatigue crack is that those stiffeners performed better than the
stressrange and cycle coutihatthe beamunderwent The beam that did experience a
failure of its perpendicular stiffenelsa had a second one that did not fail.
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Table 3-2: Performance of Perpendicular Stiffeners

Beam | Stress| Total Failure
Range| Cycles | /Run
(ksi) (cycles) Out

30A 15.2 Run
2,870,288 Out

30B 154 Run
3,250,000 Out

60A 15.6 Run
3,017,629 Out

60B 21.7 Failure
1,101,038

Figure 3-18 shows aS-N plot of the perpendicular stiffeners with the relevant
AASHTOf ati gue categories. Al of the perpend
category, but the stress range of three of the beams was below the theoritical limit for a
category B failure. The fourth beam, which was cycled at an increased streshaahge,

a failure on the perpendiculstiffenerbefore crossing into category B range.
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Figure 3-18 A S-N plot of the fatigue life of perpendicular stiffeners

3.7.3 Half-Pipe Stiffeners
There were two halpipe stiffeners on each of the four beams tested, none of
which failed or showed developing cracks after dissection. In every testing case some
other method of failure force@rminationof testing before any cracks could be detected
at the halfpipe stifeners Table 3-2 and Figure 3-18, who thatthe results for the
perpendicudr stiffeners also represent the results for the-pipl, except that in every
case there was rwout of the haHpipes. Each data point exceeded the AASHTO
category BO6 | imit, but d-pipk stifemdér connecionhin c at e go

this tes t can be said to be better than the cat e

3.8 SUMMARY OF RESULTS

The primary purpose of the laboratory testing was to evaluate theipealf

stiffeneroés fatigue perf or man mpitesiiffaners el at i on
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The tests were also intended to provide data for validation of finite element models that

can be used for further in depth studies

3.8.1 Evaluation of the Half Pipe

Table 3-3: Summary of Results

Stiffener Failure of
Stress Second
on Skewed ' Type of
Beam . Range| Failure .
Specimen | Stiffener Failure
(ksi) (cycles)
(deg) (cycles)
30A 30 15.2 | 2,059,727 2,870,288 Flange Crack
Friction
60A 60 15.6 | 1,451,654 3,017,629
Crack
30B 30 154 N/A 3,250,000 Run-Out
Crack at
60B 60 21.7 | 501,593 | 1,101,038 Perpendicula
Stiffener

Table3-3 shows the full results for each beam test&tie first three tests, (30A,
60A, and 30B) all had a stress range of approximately 15ksi, and reached about three
million cycles. In none of tiee cases did anything but the skewed stiffener fail. The
fourth beam wagestedat a stress range @pproximately22ksi for aboutone million

cycles. Here both the skewed stiffener and the perpendicular stiffener failed.
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Figure 3-19 shows the final results of the laboratory testing. Each of the 24
connectiondested performed above the AASHTO category C line, and all but the sixty

Figure 3-19: A S-N plot of each of the beams tested

degree skewed stiffeners eute r f or me d

noted that the reference AASHTO lines are drawn for design, and are two standard
deviations belowthe mean The testing concluded for this project had an insufficient
number of data points to obtain a reliable standardatden; however, passing the

designC category line by such a small marginisitunclearthat the 60 degree stiffeners

t he

doavever gitoshopld 26

would actually achievea C category ratingftermoreexhaustive testing.

With no failures occurring in the half pipe stiffeners, there can be no metric for
determining a standard deviation of performan@éere were a total of eight, halfpe

stiffeners tested,aeh one having performed as vat or better than any of treher
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connections tested The runout of the half pipes occurred at a cycle count 30 to 70
percent greater thawhat was required to reach a category C rating. If failure actually
occurred atevery test instead of a rnu t the standard deviati or
distributionbecause of the small sample $izeould bel6% of the necessary cycles to
reach category C, with an average of 154% oftegory Crating cyclecount or more
than twodeviations above the category C lin€his suggests that the hglipe stiffener
detail can provide fatigue performance corresponding to a category C rating or better

The centr al guestion as to the half pipe
oher stiffenersd performances was answered .
beamtests. In every case testing revealed that thephyadf stiffener performed as well as

or better than all the other stiffener types.

3.8.2 Test Observations for Comparisa with Finite Element Model

The next chapter describes a finite element model that was developed to permit
more indepth study of the fatigue characteristics of the-pglé stiffener and the
conventional plate stiffeners. The model is intended to penwvéistigation of the effect
of a number of variables on fatigue performance, such as pipe or plate thickness, girder
flange thickness, weld size, and others. To help validate the finite element model, key
behaviors were noted from the laboratory testiAd).the observations used to correlate
the model with the tests were of a qualitative nature, as no quantitative data collected in
the tests could be used to correlate directly to quantitative values produced
computationally.

The first general observatiomas the comparative failure life of each stiffener.
The skewed stiffeners failed first in each specimen with the 60 degree skewed stiffener
failing before the 30 degree skewed stiffener. The perpendicular stiffener failed once and
the haltpipe stiffenes did not fail at all. That relationship may not indicate that the
perpendicular stiffener detail is worse than the-pgie detail, as there was insufficient
data to make such a conclusion, but it does suggests that the two are either close, or the
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half pipe is better. With no failure of the hatdipe stiffenerthere is no lower bound given
from the physical testing.

Secondly, the skewed stiffener failed along a line that was perpendicular to the
direction of the flexural stress in the flange. The fagigrack propagated 90 degrees to
the longitudinal axis of the beam, or in the direction that suggests that the bending stress
was in the same direction as the principle stress at the crack. The skewed stiffeners also
always had crack initiation on thetexior edge of the weld toe, on the interior side of the
skew

Finally, the perpendicular stiffereeshowed the development of cracks on the
weld toe, in the middle of the length of the walter destructive testingThe only crack
that became visible dung testing was located on the exterior edge of the weld toe.
These are ncdefinitive results, but suggest that the stress may be more evenly

distributed along the length of the weld, rather than concentrated in one location.
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CHAPTER 4

Development of Finite Element Model

4.1 PURPOSE OF THEFINITE ELEMENT MODEL

The laboratory testing that was completed examined only one design for a half
pipe stiffener. No modifications of the size of any component of the total design (for the
half-pipe itself or the mder dimensions) were examined in the physical testing.
Therefore it is unknown if the results from these tests apply to other possigasieA
computational model waberefore needed to examine different geometries of the design
to determine the igact of changing various parameters.

The model that was produced was used to examine the impact of geometric
factors on the stress concentrations produced by thepipalfdetail. Other factors
impacting the fatigue life, such as weld quality, were nclutked in the model. The only
indicator of fatigue performance taken from the finite element models was the maximum
stress concentration generated.

The results othe computational analyseare intended to provide insighto the
range of applicability for the findings of the laboratory testing. If a wide range of stress
concentrations are found in the analysis based on smmatiges in the geometry, then
further physical testing may be needed to evaluate the fatigue perforofatinee half
pipe stiffener . On the other hand, if the stress concentrations predicted by the analysis
vary over only a limited range for typical design variations, then thepiaéf stiffener

can be used with reasonable confidence based on the linsted)te

4.2 UseoFANSYS

A finite element model divides the overall structure into many, smaller pieces for
the purpose of analysis. Based upon the applied forces or displacements, the model can
be used to determine the stress flow through the elements.e8kiy down the overall
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structure into many smaller parts, the impact of discontinuities or small geometrical
changes can be found in terms of the stress or strain at any point of interest on the
structure.

To create a finite element model a program habletgelected which could carry
out an analysis of sufficient detail so as to produce physically meaningful results. This
meant that the elements used in the analysis had to be small enough so as to accurately
capture the geometry of the welded connectisnwell as the stress field that was to be
produced by the analysis. The actual values selected for the modeling and the motivating
factors for those selections are discussed4dh.2 but the general selection of a
computational product was based on the knowledge that a 3D mesh of a high density
would be needed in order to accurately model the behavior of the problem.

ANSYS version 11.0 (ANSYS 2007), a mutturpog analysis software, was
chosen to perform the modeling for this project. ANSYS has the ability to handle a very
high mesh density (limited only by the power of the computer used to run the program) as
well as perform all the analysis that was neededttier project. It can vary mesh
densities througlout the model to allow for ruoptimization, create higprecision
results based on the stress fields that developed, and the model could handle arbitrary
geometries which removed any restrictions on chgobiow to model the overall half

pipe detalil.

4.3 GEOMETRY OF MODEL

The first model created was a simulation of the specimen that was tested in the
laboratory. Various versions of the model were created to recreate the physical test
results. A full length baa with all six connections found in the laboratory model was
looked at, but found to be too large for efficient testing when using a sufficient mesh
densitythat would be able toapture the true behavior of tliéferent connections. It
was also found tde unnecessarys a much smaller model served to give accurate
results and do so with significantlgduceccomputational time.
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Figure4-1: Anlma g e QAfl pthhaed GPdeBVIBh Sivhulated the Full Beam
with All Six Connections Found in theLaboratory Testing

Figure 4-1 shows an image of the first model created in ANSYS, labeled the
0 al p ha 6 Thimmmadel lwas continually varied and improved upon uh#l final
modelwas created. TEhpissi | foinnba | o r mof dindf/linch(dediaed ed
small portion of the beam and one connectieither a halpipe or plate stiffener In
order to eliminate the majority of the beam while retaining accuracy, deflections were
imposed on the ends of the betrat induced pure flexure.

Figure4-2 andFigure4-3 shows the deformed shap&the modelversion which
includes twohalf-pipe stiffeners.Figure4-2, an elevation view, shows the displacement
control of the ends of the beam. This simulatesresstant moment section as was created
in the laboratory using a spreader beam. The colors in the model represent stress

concentrations.
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Figure 4-2: Deformed Shape of Epsilon bdd, ElevationView

Figure 4-3. Deformed Shape of Epsilon Model,dRatedView
59



4.3.1 Selecting Sizeand Symmetry

When a satisfactory model had been built, various parameters were defined to
ensure accuracy and reduce computational time. The addition of symdetémymining
of model geometry necessary to minimize the impact of shear lag on the stresses at the
stiffener, and sensitivity to mesh density were all considered. A sensitivity analysis of
some of the pertinent parameters was conducted by monitoririgaftions in the stress
concentration at the half pipe stiffener was altered as a result of changes in model/mesh
geometries. This ensured that the solution was not sensitive to parameters which were
only meaningful in the model (such as the length ootk modeled) and that the final

values selected allowed for sufficient accuracy

4.3.2 Determining Parameters and Modeling Guidelines

Figure4-4 shows the lsange that varying the length of the section modeled has on
the stress concentration factor.helstress concentration factordiscussed in detail in
Section4.5.2 it represents the result of interest for the overall study. If the changes are
too largeit would indicatethat the model being used is not reliable, or not enough of the
beam is being modeled to ensyseecision This method of examing the stress
concentration, or stress concentration factor to identify the appropriate values to use for
the model was employed throught the process of model creation.

The length of the modeled section is a computativaghble only and should
not have an impact on the final resultshe modeling isdone properly. Figure 4-4
shows very slight changes tine stress concentratn factor as the model length changes,
and a total length equal to 1.75 times the depth of the girder was selected to ensure that

there was sufficient precision.
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Figure 4-4: The Impact of theModel Lengthon the Stress Corentration Factor

Whenever a value of this type of variable, i.e., one important only for the
computer model to function accurately, but not descriptive of a real world variable was
needed, it was always chosen in terms of another variable, not as aneabsokhe case
of the model length, it was measured as a factor of the depth of the girder. This
relationship was chosen as the girder depth controlled the effect of shear lag, a possible

source of error against which a larger model length was pmgecti
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Figure 4-5. Model of Half-Pipe Using §mmetry

To allow for significantly increased speed of analysis, and thus a greater number
of total data points collected, symmetry was employededucethe number of mesh
elemens and connections needeligure4-5 shows an image of the model reduced with
the use of symmetry conditions. Here symmetry igliag in the middleof the web,
along the plane of the welhnd antisymmetry hakway through the crossection. It is
antrsymmetric as the imposed moment on the dosplymetric section causes the
reverse stresses on the top half of the section.
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Figure 4-6: The Impactof Imposing SYmmetry on theStress Concentration Factor

Figure 4-6 shows the change in the stress concentration factordhalts from
including symmetry in the model. In all cases, there is a slight redusfitre stress
concentration factoin the overall results by using symmetry. The mesh density selected
for the overall analysis was four elements per flange thaskrais is discussed in detalil
in Section4.4.2 The difference in stress concentration between the full model and the
model using symmetry at #himesh density is 0.0098, or 1%. This difference was

deemed acceptable.

4.4 MODEL DETAIL SELECTION

There are many details that define the allanodel| all of which needed to be
selected so as to maximiaecuracyand minimize rurtime in that order of impoance

Some of thesdetailsare a result of the use &INSYS such aghe selection of which

63



elementswere used to build themodel; othes includehow to define the geometric
properties of the overall sectiosuchasthe welds. The choisen what values to select
for these different details wemmadeto ensuresufficient accuracyand secondarily to
reduce computati@itime. This required a large amount of trial and error using different

variablesbefore the final values were selected

4.4.1 Element Types

It was decided to use all solelementsn this model though ANSYS does offer
the ability to mix 1D, 2D, and 3D elements in one modét all cases, a SOLID95
element (named so by ANSYS) was employed to simulate the seclioen.SOLID95
elementis a 20 node element that allows for three degrees of freedom aifetschodes
asis pictured inFigure4-7 (ANSYS 2007) Nortlinear analys options are also possible
with the elementbut were not used in this project. SOLID95 elemeltwsvaor stress or
displacemenbutput ateach nodgor anywhere in betweethe nodesusing a quadratic
equation to estimatihe intermediate values. Theement automatically collapses into a
prismif that shape is specified rather than a full box. This was the case for modeling the

welds in the connection (ssectiord.4.4).
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Figure 4-7: ANSYS SOLID95 Geometry

4.4.2 Meshing

Any finite element program, including ANSYS, works by taking a large object
and dividing into many, smalleromponents This process is calledl me s hi n g 6, and
density of the mesh is the number of elements, or smaller objects, created by meshing.
The mesh properties impacts both the accuracy and computation time of the model. The
mesh density can vary througlit the model, and it is good ptae to have a high
density mesh in locations were the stresses are changing rapidly over small areas, and a
low density mesh where stresses are changing more gradually.

The model was divided into different areas and each area was meshed with an
elementsize appropriate to the importance of that area. These different areas and
different components of the model were then connected, and the resulting model
analyzed
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Figure 4-8: Mesh Roperties of the Mode
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4.4.2.1 Selecting Mesh Categories

The model was divided into three different mesh categories: a coarse mesh, a fine
mesh, and an extra fine meskigure 4-8 shows the different areas of the model and
what mesh category they were placed ithe widththat theextra fine mestextended
into the center of the bottom flangs well aghe height ofhe fine mesh at the bottom of
the pipe stiffener were both parameters that were selected based on the process described
in Section4.3.2 Thefinale value chosen for thextra fine meslis a distancéhree flange
thicknesesaway from the edge of the weld on either side of the pipe stiffener, and the
fine mesh in the half pipsvas chosen to extenap to 30% d the modeled halpipe
volumeor 15% of he actual web depth.

4.4.2.2 Impact of Mesh Size

As discussed above, changing the mesh or element size alters the accuracy and
computational time of the model. Different values of element sizes were tried for all
three mesh categories in order to firalues thatvould not reduce the accuracy, siill
allow for efficient testing.

Very low levels ofthe mesh density were shown to degrade phecisionof the
analysisbeyondthe point of usefulness.Figure 4-9 shows the stressetaken half a
flange thickness away from the weld, in the flange along the outside of thpigelf
stiffeneb s  w &l ldw mesh densities, there is significant variation of thesstre
concentration. Even if the low density analysis is accurate, it becomes impractical to
determine the stresmlueat specific locations High densities are needed to remove this

level of variance.
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Figure 4-9: StressConcentrationFactor around Half-Pipe at Different Mesh Densities

At high mesh densities, the analysis takasch longer making itinfeasibleto
examineas many variables agere desired for the study. At ten elements per flange
thickness (se&ection4.4.2.3 the analysis takes over 24 hours to complete. The final
values selected for the model resulted in an anatysis between 15 and 30 minste

(depending on the parameters being testeidh could contract or enlarge the mqgdel

4.4.2.3 Selecting Mesh Density

Once the different mesh categories had been chosen, determinations were made
for the appropriate element sizes for each category. Consistendiieofbtress
concentration at the weld of the halpe stiffener was the measure used to judge the
impact of different mesh densities.

Figure4-10 shaws the impact that changing the coarse mesh size had on the stress
concentration factor. The coarse mesh size was correlated to the width of the flange
taken as the whole flange width, not the simulatedwaith which had been reduced by

the applicatiorof symmetry conditions. It is clear that the coarse mesh density has very
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little influence on the stress concentration factor. It also has very little impact on the
computational time as well. The final selection for the coarse mesh size was one seventh

the flange width, or about 14% of the flange width
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Figure 4-10: Effect of Coarse Mesh Size on the Stress Concentration Factor

The fine mesh was selected in a simil@anner;it was found that leaving the
element size equab the flange thickness produced a sufficiently accurate result. This
was ideal because it allowed for near perfectly cubical elements which ANSYS
recommends for better performar(@dNSYS 2007)

Finding the appropriate size for the extra fine mesh, wiva$ to be used ithe
areaof the modelin which stresses would be measuneds the most important part of
themesh creation. The element size was based on the flange thickness, and values were
tested ranging from one flange thickness to one tenth of a flange thickness. The values
were always in integral divisions of the flange thickness, as the result would generate a
certain number of elements across the thickness, andl géetizents canndie created.

Limitations on the computers used for running the analysis restricted the mesh
density to ten elements across the flange thickness, which defined the maximum mesh

density that could be utilized. It proved unnecessary to have such a higbflevesh
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density, and thus the limits of the computers available did not negatively influence the

results.
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Figure 4-11: Effect of Extra Fine Mesh Size on the Stress Concentration Factor

Figure4-11 shows a graph of the sensitivity analysis on the mesh sensitivity. As
the mesh density increases, represented here by a greater number of elements per flange
thickness, the stss concentration also increases, but de@easing rate Table 4-1
shows the actual value of the variations as the mesh density changes. Téeschan
themselves are relatively small, and represent what was deemed a reasonable level of

precision.
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Table4-1: Impact of Mesh Densityor Extra Fine Mesh Volumeon Stress

Concentration

. .
Elements Increase I o4 Increast
per  Stress fron Erom
Flange Previous Previous

2 0.00867 0.79%
0.00116 0.11%
0.00453 0.41%
0.00469 0.42%
0.00226 0.20%
0.00229 0.21%
0.00092 0.08%
0.00079 0.07%
10 0.00062 0.06%

©O© 00N Ul W

The final selection of the extra fine sBfeelement size was one fourth of a flange
thickness, or four elements per flange. This created a model that was sufficiently
accurate for analysis, and took no more than 30 minutes of computation time. An
increase of mesh density to five elements pandé thickness increased computational
time by a factor of three. The significant increase in computational time was deemed
excessive compared to the accuracy, which therefore did not justify the increase in mesh

density since this would have likely re@ulcthe total number of analyses performed

4.4.3 Connection of Elements

Wherever the model had a break in either the geometry or the mesh density, or
both, it was necessary to add a connection. If neither of ttmsedariesexisted the
elements generated could simply have their nodes tied to each aahsimg them to
distort together, as they shared the same location. When a break in the geometry or mesh
density occurredthe nodes no longer lined up with each other, aadld not be
automatically paired.Even when the locations where identical, if the nodes represented

elements from different mesh sizes ainjects (such ashe haltpipe and the weld
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connecting it to the flange) an additional connection was still needédktthe nodes
together structurally.

Several solutions were considered to connect these elements, but the final method
selected was the use of constraint equatioc@enstraint equations allowed for specific
nodes to be tied to entire elements. Oneensdselected alongith the element closest
to it that itis to connect to; if tying together two different mesh densities, the nodes from
the denser mesh and elements from the coarser mesh are used. ANSYS then generates
eqguations to tie the node to telement so thahe nodedeforms in the same way as the
point on the element closest to the node.

Every single nodéo be connectedas selectedand thernthe availableelements
weresearched for the one closest to the node. When the adjoining sectrenglavear,
such as at the break in mesh densities at the bottom flang&i(eee 4-8) the node
always lay on an exterior plane of the adjoining elemm When connecting different
geometries that were not planar, such as the circular geometries of the weld to-the half
pipe the node was not always-glanar with the element. When a node and an element
were chosenthe built-in routinesin ANSYS were sed to create constraint equations to
link the two together Equations werereated to link the chosen node with gveode in

the selected element

4.4.4 Modeling Arcs and Welds

Circular geometry was created in ANSYS by using cylindrical coordinates to
descrile the volume representing the hpipe and the weld conotng it with the bottom
flange. A cylindrical volume is created within the cylindrical coordinates, there defined
by a flat plane which becomes a cylinder when transposed into rectangular desrtdina

When meshing the model, ANSYS approximates the curved lines by generating
rectilinearelements long the length of the arc. The smalleetamentsand thus more
elements used, the closer the approximation is to the actuadiagcrepresented
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Figure 4-12. Meshing Along an Arc

Figure 4-12 shows the impact of different mesh densities on simulating the
cylindrical haltpipe stiffener. The top, coarse mesh clearly shows the approximation of
the arc of the pipe. The fine meshtla¢ bottom portion of the haffipe more closely
resembles a circular shape, and the weld as defined by the extra fine mesh very closely
represents a circular arc

The welds, which can also be seerFigure4-12, are described by a geometry
which has a triangular shape, extended along the length of the weld. More complex
geometries, such as circular ones, were considered but deemed to not haviecansigni
impact, nor could the mesh density define a shape of significant complexity.

The welds were a constant si ze, descri be
which adjoined the objects being connected by the weld. The length on both sides was
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also alvays constant. Though no true weld has perfect geometry as defined in the model,
any deviance from it would be atf@iry and unless it gatly deviated from the standard:
have little impact on the results.

The weldbs connect i on sjustwas they dd eestuab n e d
welding. The haklpipe was not connected directly to the girder anywhere except above
where the weld was modeled.. Instead, the gk was connected to the adjoining weld

face, and the girder to its adjoining weld face

4.45 Linear Solution

There are several different methods allowed by ANSYS in finding a solution once
boundary conditions ardefined The simplest and fastest solution method was chosen,
as the results which were of interest did not require a more detailed anaBysce the
issue being studied is fatigue, nlimear material behavior was not a concern. It was
assumed that the stresses of interest never exceed the yield stress of the steel.
Additionally, no large geometric changes are anticipated that woulll rewckling, or
nortlinear geometric effects of any kind. A linear, static solution was therefore used to

find the solution

4.5 |INTERPRETING RESULTS

The final solution given aftethe model had been analyzedtontainedthe
deformed position and stresses of every node in the model. Most of this data is not of
interest to the determination of the fatigue performance of the given model. One or more
specific points of interest must be selected within the model, andhterlévant results
taken at those points.

The desired results were the stress concentration factors (descriSedttion
4.5.2.) at the points in the model which had the highest stresses in the bottom flange.
These would show which points on the halfe stiffener connection would be most

likely to fail, and their magnitude would determine how likelfailure was
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4.5.1 Visual Inspedion

Previous experiments of a similar nature led to the examination of three specific
points of interest in the mod@\namia et. al 2005) Several different modelsuilt using
different parameters such as pigelius or flange thickness were generated analyzed.

The results, displayed aslor-codedstresses on the model, were then examined visually
to see if there were any other points in the connection that showed high stress

concentrations.

Figure 4-13: Stresses irBasic Model

Figure 4-13 shows an example of one of the models that was used to visually
inspect for stress concentrations. The three points chosengmodeling which were
deemed to be of interest were at the junction of the flange and the web, 45 degrees along
the halfpipe stiffener, and the outside of the hgilbe, or 90 degrees along the hailbe.
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The visual inspection showed no other poirt @ncern. There were stress
concentrations at the edges of the model where the boundary conditions were applied, but
these were artifacts of the modeling process.

In this project the absolute magnitude of the stresses generatm@ not
important rather the concern was for higtelative stress In every case it appeared that
the maximum stress generated by the-pgdé connection occurred 45 degrees along the
half-pipe stiffener. The stresses at the three points of concern, but on the inside of the
pipe stiffener were significantly lower than on the outside, and thus were not of concern
either. Only those three points, located on the outside of thepiyadf stiffener were

deemed t@rovidemeaningful results.

4.5.2 Hot Spot Stresses

The points on the madi that showed high stress concentrations are referred to as
6hot spotséo. These represent the points the
fatigue cracks. Picking the specific point that is of interest is the first step followed by
the cetermination of the true stress at that point. The true stress is the stress value that
actually exists in the physical specimen, which is not necessarily the same as the stress in
the finite element model at that point. Though there is no way to etiairthe value
from the finite element model is actually representative of the value of a real specimen,
there are steps that can be taken based on previous testing to generate as close to the true

value as possible

4.5.2.1 Stress Concentration Factors

The streswalues of interest are not the absolute magnitudes of the stresses at any
point, but rather the way in which the stresses concentrate at the given hot spots. The
stress concentration factor represents the amount the stress is increased by the inclusion
of the halfpipe connection as compared to what it would be if the girder were left plain.
For example, if the value of the applied flexural stress was 10ksi, a stress concentration

factor of 2.0 would have a hot spot stress would be 20ksi
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The boundary aaditions, as described Bection4.3 are deformation controlled.
The magnitude of the deformation imposed on the beam was chosen so thatsilde top
of thebottomflange would be under a stress of exactly 1ksi. Was checked in all the
modelsaway from both the ends of the model, and the connection to thpipgland
found to consistently be within a range 0.1% of the desitksd. 1Forcirg a 1ksi stress at
the top of the flange no matter the size of the specimen being modeled allows direct
comparison the stress concentration factors between all models.

The stresses determined from the ANSYS models also represented the stress
concentrationfactars. This is because the bdeeel stress in the flange remained
constant at 1ksi, so the resulting stress (measured in ksi) represents the stress

concentration factola unitless value.

4.5.2.2 The Notch Effect

At sharp geometric changes, it is commotiinnd that as the density of the mesh
increases, the stress also increases. This effect does not dissipate as the mesh density
continues to increase. Rather the stress continues to increase with the mesh density away
from the true value of the stresshig is called the notch effect, and must be accounted

for in the results or the values obtained will not be accuffateke 2002)
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Figure 4-14: Stress in the Fange at theBoundary of the Weldat Increasing Mesh

Densities

Figure4-14 demonstrates the notch effect. It shows the stress measured directly
at the boundary of the weld on the lbott flange at varying mesh densities. As the
density of the mesh increases the stress concentration factor increases. The stress
concentration factor does not appearaggproach convergenogith increasing mesh

density
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Figure 4-15: Stressest Varying Distances from Weld

In addition to the different mesh densities generating unrealistic stress
concentrationstheyalso can create high variance in the stresses along the edge of the
weld. Figure 4-15 shows this variability. The stresses recorded at different distances
from the edge of the weld are shown. The stresses read directly at the weld (the data
labeled 0.0 tF, or zero flange thieesses away) show a great deal of variation that results
purely from the mesh distribution. Moving away from the edge of the weld, these factors
dissipate until at about half a flange thickness from the weld, where the variation is no

longer significanfas compared to the precision of the model output

4.5.2.2.1Maximum Stress

One of the stresses always measured for every model was the maximum stress,
which was found to be equivalent to the notch stress, or the stress measured at the edge of
the weld. For theeasons listed above, this was not taken as the true stress that would be
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measured in an actual specimen, and so another approach had to be taken to determine
the stress concentration factor.

In order to eliminate this notch effect, two different approackere tried. There
are many more approaches that have been used in other studies. The two chosen here
both made the same basic assumption about the nature of the stress in the flange. Both
assumed that as the edge of the weld was approached, thensthesBiange increased in

a linear fashion

4.5.2.2.2DNV Stress Factor
DNV, which stands for Det Norske Veritas (DNV 2010), is a Norwegian

organization which provides codes and guidelines for fatigue analysis and design. DNV
has provided a method to eliminate ti@tch stress effect, and instead produce a result
which gives consistent results across different mesh densities and more closely
approximates the true stress found in a real structure.

The DNV method assumes that as the hot spot stress point is apprabmiged
the surface of the element under consideration, the true stress increases linearly up to the
hot spot itself. Two points arechosen, always in the same @anf the structureand a
line is extended through those points up the plane wherédhspotstress is to be
approximated The intersection of the created line, and plane of interest is the DNV
stress. The two points selected are always 50% of the plate thickness (being the plate
along which the stresses are being taken) away frorhdhepot and 150% of the plate
thickness away Figure4-16 shows a generic sep in which this process can be used as
well as possible paths along which the stressmsld be measured.Figure 4-17

demonstrates this approach in an elevation vieliguire4-16.
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Figure 4-16. Taking Stresses along Paths Approaching Two Hot SaatslVv 2010)
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Figure 4-17: Calculating DNV Stress at a Hot SpdDNV 2010)
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In the case of the haffipe stifener and plate stiffeners studied in this project, the
stresses were taken along the top of the tension flange as they approached the weld toe.
Selecting the position of the paths for each connection is discusSedl lut the general
approach used to determine the hot spot stress and thus eliminating the notch effect is the
same for any DNV analysis.

" pBZ, g ™2z, g (4-1)

Equation 41 gives the basic formulation for determining the DNV stress based on
two points approaching the hot sgbiNV 2010) This was the equation used to generate
all of the stress concentration factors (alafthe hot spot stresses) used in this project.

It is the equation for the intersection of the line defined by these two points with the hot
spot stress.Both these points lay outside the critical region for variant stresses resulting
from mesh densyt as described i8ection4.5.2.2

4.5.2.2.30rdinary Linear Regression

The ordinary linear regression method of eliminating the mesh effect from
calculating the hot spot ress relies on the same assumption as the DNV method.
However, instead of picking two specific points from the path of stresses approaching the
point in question, a series of points are chosen and an ordinary linear regression is
performedon them. In a&sense, the DNV method is a specialized version of the ordinary
linear regression method in which the series of points consists only of the two specific
points used for the DNV method.

Ordinary linear regression is a statistical method of approximatimeaofi best
fit through a series of data points. It functions by minimizing the sum of the square of the
distances between the generated line and each data point. The distances are calculated as
the vertical distance between the data point and the hisedd of the smallest distance
bet ween the two. This i1is what makes the
typically yields results that are similar or identical to a more rigorous linear regression

method. Equation 42 shows the calculation of thHeot spot stress using ordinary linear
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regressionWeisstein 2010) Her e, Oyd represents the meas:s

fromtheweld and o6ndé the number of points sampl ed

zB B z
n B z

(4-2)

The advantage of this method is that is more flexible in being able to capture the
behavior of stresses approaching the hot,saotl examines far greater number of
points This is also its major drawack, in that there iso definitive standard which can
be used to select what series of points to use in order perform the ordinary linear
regression. This make®mparisoracross different models difficult. This also, is not a
method which is used in practice, so no data in previous practice can be used as
comparison with the data foumdilizing this method

Ordinary linear regression was used here as an alternative method to evaluate the
data, in an attempt to verify the DNV method. However, because there was no standard
approach, all the results are arzad and reported in terms of DNV stressEgjure4-18
shows the three different methods used for determining the stress. The actual stresses
measured, th®NV stress (here, a line between the two points used in this method is
extrapolated out on either side to allow for visualization of the predicted stress) and the
OLR method. In this case, the OLR was performed on the points between 50% and

150% of the flange tbkness from the hot spot, as a comparison to the DNV method
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Figure 4-18: Different Methods for Determining Hot Spot Stress

The DNV stress line and the OLR stress line both deviate from the measured
stress. These two linese close, but result in slightly different predictions for the hot
spot stress. Both eliminate the impact of mesh density from the final results, but show
the uncertainty inherent in trying to accurately estimate stress concentration factors

4.5.2.3 StressType and Orientation

All references to the measured stress in the model up to this point do not specify
what stress is being measured. ANSYS provides a number of different options: the
principle stress, the stress in any orthogonal direction, shearestressd numerous
generated stresses such as o6Von Misses St
stresses in the orthogonal x,y,z directions, Hagig is along the longitudinal direction of
the girder, the yaxis is in the direction of the web, argkteaxis is along the direction of
the flange width.

Any ANSYS specific stresses, such as 0PI

as they did not represent any actual stress. The two main options remaining where using
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the principle stress and usinget stress that was perpendicular to the face of the weld,
where the hot spot stress was being measured.

The principle stress would represent the maximum normal stress being
experienced by the structure at that point. The stress perpendicular to tliaceetdthe
stress that could generate a crack at the toe of the weld. If this stress is not the same as
the principle stress, the structure may perform better than one that has the principle stress
perpendicular to the weld. This means that a measuperpendicular stress may be a
better indicator of fatigue life. It was decided to use the principle stress for this project as
it was more critical when comparing against the plate stiffener (it will always be the
largest measured stress) but the perjpeiha stresses were also measured and used as
comparison to the principle stress. The findings, as a result, are conservative for
evaluation of the halpipe stiffener

4 5.3 Path Generation

In order to implement the DNV stress method, or any other methodvthad
determine the hot spot stress, a path needed to be created along which stresses could be
measured. ANSYS is designed to allow this kind of data extraction from an analyzed
model. The user defines a geometric path (based on thefarmed geometjyand
ANSYS will determine the stress along the path at any given intehagrpolationis
done to find the stresses between nodes in the medehny level of measurement
precision can be specified but the true precision and accuracy is limited Inyeie

density and accuracy of the model itself.
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Figure 4-19: Paths Used to Find Hot Spot Stresses

Three critical hospots were found (se®ection4.5.1) and measured for every
model that was analyzed.Figure4-19 shows the location of all four paths used to find
the hot spot stresses, and kbeations ofthe three hot spatsThe first hot spot, located at
the intersection of the flange, the web, and the exterior of theipafweld required one
path to monitor the stress. Here, the principle stress was perpendicular to the face of the
weld to within less than one half of one degree. Thus, a path along that axis was used to
determine the stresses, and the principle stress measured on that path.

The third hotspot of interest was on the outside of the-pgte weld at the point
closest to e outside of the flange. Here there was no stress perpendicular to the weld

face Instead, the principle stress wa=arlyparallel to it. A measurement of zero stress
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was of no interestlthoughthis had significance as to how critical this hot spaisywand

was not measured. Instead, the principle stress was measured along a path that was in
line with the axis of the principle stress, which was the same as the stress that would be
generated by pure flexure without any discontinuities.

The second hatpot examined had the most uncertainty as to how to measure the
stress, and was of the greatest importance out of the three hot spots as it experienced the
highest stresses. Two different paths and three different measurements were used to
attemptto captire the behavior of the stress flow at this point. The point itself lay 45
degrees along the hglipe weld, or halvay in between the first and third hot spots.

Here, the principle stress was not perpendicular to the weld face, nor was the stress
perpendicular to the weld face equal to zero as at the third hot spot.

To ensure that all relevant data would be collected, one path was used which
approached the weld on a line perpendicular to its face. Along this path both the
principles stress, and theesds in the direction of that line were recorded. Another path
was used which was in the direction of the principle stress as it approached the hot spot.
The principle stress was approximately 1.

the directioralong which the path was created.

4.6 VALIDATING THE MODEL

As described above, considerable care was taken in the development of the
ANSYS finite element model to assure meaningful results were obtained in regard to
fatigue performance of the hadipe stiffener. In order to further evaluate the model, the
next step was to validate the model with experimental results.

Ideally, validation would be done by quantifying the difference between the
behavior of the specimens tested in the laboratory and the rektiis computational
model. This was not possible for this project, as none of the numerical data collected in
the laboratory could directly correlate to numerical data from the finite element model.

The stress concentration factors that were the pringmyltrof the finite element
model were only representative of general fatigue behavior. These results could not be
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translated directly into a fatigde prediction which could be compared with that seen

in the laboratory. None of the specimens in tigolatory were instrumented so as to

record the stresses along any critical portions of the flange dtlee tdifficulties in

measuring stresses in areas of very high localized stress gradients. The only stress values
collected, which were measured in terms of strain and converted to stress using the
Youngds Modulus for steel, si mpoftlyetedstoh er mi ne c
flange. This value was a control in the finite element model, and thus could not be used

for comparison to the physical results.

Having no direct, numerical checks it was still possible to evaluate the model by
comparingwith physicalobsevations. This could be done in a qualitative manner by
examining what type of connection would be expected to fail first, and where the cracks
were expected to initiate based on the stress concentrations predicted by the model. This
type of qualitative canparison would give credence to the ability of the model to discern
the relative fatigue performance of different details. However, as noted earlier, the

modeling techniques used here cannot predict the actual fatigue life of any detail

4.6.1 Developmentof a Pate Stiffener Model

In laboratory testing no fatigue failures occurred at a gk stiffener, nor were
any incipient cracks discovered. Though this was a positive result for the goals of the
project, it severely limited validation of the finite elerh@model with physical testing.
All the meaningful results in the laboratory, in terms of model validation, were found
either exclusively in the plate stiffeners, or in comparison between the plate stiffeners and
the halfpipe.

Though studying the fatiguaroperties of the plate stiffener was not a main goal
of this project, it became necessary to model the skewed stiffeners in ANSYS as well as
the halfpipe stiffener in order to examine the modeling techniques that were being used
and ensure that they wepapturing the observed performance of the plate stiffener

relative to the hatpipe stiffener
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Figure 4-20: Plate Stiffener ModeMesh

Figure4-20 shows an example of the platgffenermodel that was created. All
the same processes used in creation of thepldf stiffener were employed in the
creation of the skewesltiffenermodel Type of elements, use of symmetry, connection
types, and any other properties which directly or indirectly related to theipaliwere
used. Additionally, the same methods to determine model parameters (such as the length
of the model) were used imaating the skewestiffener as were in the hgtipe model.

There were several parameters that needed to be chosen for the skewed stiffener
in representing its geometry that were not equivalent to anything in thpipalfmodel.
These included the siz# the cope of the plate stiffener that wassento allow fit-up
around the weld joining the flange to the web (or therdg and the geometry of the end
of the welds. Such parameters were picked to best represent what was seen in the
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laboratory, andvere not changed to influence the results in any mankegure 4-21

showstypical results of this model, as well as a closer view of the components of the

plate stifener itself.

Figure 4-21: Plate Stiffener ModelDeformed Shapand Stress Contours

The plate stiffener and the hagtipe are very different geometric entities, but as
much similarity in modeling techniques as possible was used to allow for a comparison of
results between the two. Whenever it was feasible, the same ANSYS code was used to
generate each model, such as theedoddefine the girder itself, or the code used to run

the solution.
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4.6.2 Comparison to Test Results

A summary of the data obtained from the physical results that can be used to
validate the computational model can be foun8eation3.8.2 The full results from the
finite element analysis will bpresentecind discussed in Chapter 5, but a description of
how the model results compared with the laboratory resyft®vsded here.

The first experimental observation was that the skewed stiffeners failed before the
perpendicular stiffeners or hglipe, and the sixty degree stiffeners failed before the 30
degree stiffeners. The model showed that the stress concenwasocorrelated to the
degree of skew of the plagtiffeners. The greater the skew angle, the greater the stress
concentration. This is in line with the general experimental observations. Additionally, a
similar stress concentration factor was foundtfe perpendicular plate stiffener as the

maximum anywhere on the hadfpe, which is also consistent with laboratory findings
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Figure 4-22: Direction of the Principle Stress in Tensions Flange Adjoining a Skewed
Plate-Stiffener

The second experimental observation was the method in which the cracks opened
on the skewed stiffeners. The cracks propagated along a line that was perpendicular to
the axis of the beam, not the skew angle, indicating the principle stress washalong t
b e a mo6 s Figarg428 shows the principle stress in the girder flange for a 30 degree
skewed plate. The direction of the principle stress is directly along tha mé6s ax i s .

The cracks observed in the laboratory specimens at the skewed stiffeners initiated
on the edge of the welds closest to the outside of the flange, and on the weld that is on the
side of the acute angle. This position is the bottom rigkignire4-22. The finite model

showed this to be the point with the highest stress concentration on angtifieter
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with a skew greater than 15 to 20 degrees. Butse observations show a qualitative
match between the physical results and the computational model.

The final experimental observation related to the results of the perpendicular
stiffeners. Cracks were found originating on the toe of the weld, in itiélenof the
weld lengthwise along the plastiffener. The only failure occurred on the exterior edge
of the weld toe. The finite element model showed almost uniform stresses along the weld
length for perpendicular, or nearly perpendicular plate saffgrwith a slight increase in
stress at the middle of the length of the weld.

Though all the comparisons that could be performed were qualitative rather than
guantitative, all observations from the laboratory testing were in agreement with
computationalmodeling. These comparisons provide some confidence that the finite
element model is capable of discerning how variations in design details, such as thickness
of the halfpipe stiffener, thickness of the flange, weld size, etc., will affect fatigue
performance. Results of extensive analyses examining the impact of various design
details on stress concentration factors, and therefore on fatigue performance, are

described in the next chapter

93



CHAPTER 5

Results of Finite Element Modeling

5.1 DESCRIPTION OF RESULTS

Oncethe finite element model had been created and validated, a series of tests
were performed. The plastiffeners were examined to determine the general range of
results for different skew angles. The hgailbe was investigated in greater detail than the
plate-stiffener, examining which geometric parameters were influential in determining
the stress concentration factor for the {mffe, and then running parametric analysis on
the chosen parameters. The results were used to evaluate how design vdadations

girders with haHpipe stiffeners may affect fatigue performance

5.2 SELECTING CRITICAL PATH

In determining the most important results of the finite element analyses, several
different hot spots and stress paths were considered. To ensure that thepoadsini
data was collected througiut the modeling process, all data that was of possible value
were kept. It was not until the results were collected that it became possible to determine

the critical hotspot or stress path

5.2.1 Critical Hot Spot

After andysis of all completed modeling, it was found that the greatest stress
concentration occurred 45 degrees along the weld of thepipalfstiffener in every
design tested. In no case did either of the other two hot spots produce stresses that
exceeded thd5 degree spot for that model. All data presented, unless otherwise noted,

arefor the stress concentration factor at the 45 degree hot spot
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5.2.2 Meaning of Path Selection

Three different path data sets were used to determine the 45 degree hot spot stress
corcentration factor. The stress perpendicular to the face of the weld was always
significantly less than the principle stress. Consequently, the principle stress was used as
the basis for computing the stress concentration factor. There were two paths fused
the principle stress concentration factor. The first was perpendicular to the face of the
weld, and the second was along the line of action of the principle stress. Though the
results of both paths were always similar, they were not identicalas decided to use
the path along the line of the principle stress, as it represented the most likely mechanism
for crack formation. All results presented that reference the principle stress at the 45

degree hot spot use this path to calculate thesstscentration factor

5.3 PARAMETERS OF INTEREST

Once the model was created, verified, and the method of data extraction
determined, the next step was to determine which design parameters to investigate using
the model. To do this, the important parametieas defined the girder, the hadipe and
the weld were altered both separately and together to determine their impact on the
fatigue life of the connection. The first step of this process was to determine which of the
parameters had an influence on téteess concentration factor, and which were not

critical.

5.3.1 Parametric Description of Problem

In building the finite element model, seven different parameters were used to
describe the geometry of the overall connection. TaldlesBows what these paranmste
Each one is a measure of length, and all were recorded and reported here in units of

inches

95



Table5-1: Parameters Defining Problem

Parameter Symbol Notes
Girder Depth dG |Total depth including flanges
Flange Thicknesg tF |Equivalent for top and bottom and constant across model length
Web Thickness [ tW [Constant through-out the model
Flange Width bF |Width across entire flange, not the half-flange modeled
Half-Pipe Thicknegs tS
Half-Pipe Radius| bS |Measured to the outside of the pipe, the same paramter is used to denote the plg
Weld Size aW |Length of the legs of the weld against the connecting element

As described in Chapter 4, there were several more parameters that defined the
model. Though they can be described in terms of one the parameters listed in -lable 5
test was run to ensure that these seven parameters were the only ones that influenced the
results There were many parameters that apply to aweald connection that weneot
modeled such as the space leftween the pipe and the girder dahd shape of the weld,
among othersThe testing here was to ensure integrity within the model itself.
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Figure 5-1: Impact of Scaling the Model on thet&ss Concentration Factor
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This goal was accomplished by analyzing the model while multiplying all of the
sevengeometricparameterghat are listed in Table-b by a scalar Only those seven
parameters were multiplied, and four different scalar valuee used Figure5-1 shows
the results of these tests: all the stress concentration factorsaahgidentical no matter
the scalar used This indicatesthat theseseven parameters define the entirety of the
problem beingmodeled which means that the testing can be limited to studying the

impact of these seven parameters alone.

5.3.2 Determining Relative Influence of Parameters

Once the seven key parameters had beeriiieel, they were each tested alone to
determine their individual impact on the resul®hey were tested by themselvager a
range of values that was considered reasonable for real design. The full range was not
crucial, only that a wide enough rangas examined so as to ensure that changes in the
results that would come from more extreme values of the parameter were captured. All
of these tests were run using the laboratory model as the base, and altering the remaining

parameters from their values tken from the laboratory specimen
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Figure 5-2: Study of Pipe Thickness (tS)

97



1.25
S
S 12
LL
c
.8
T 1.15
IS
(O]
e
o 11 —
O ="
7 ———T
¢ 1.05

1
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Weld Size (in)

Figure 5-3: Study of Weld Size (aS)

Figure5-2 and Figure 5-3 show the results for two of the seven parameters: the
thickness of the pipe (tS) andetBize of the weld (aS)Similar graphs were made for all
seven parameters showing their impact on the stress concentration factor. Both of these
parameterand four of the remaining five were determined to have influenced the stress

concentration factosufficiently so as to warrant further study.
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Figure 5-4 shows the results from the study dfetimpact of the web thickness
(twW) on the stress concentration factor. It was not anticipated that this parameter would
have a significant influence on the results, and these finding support this observation..
The total variation from two tenths to sevéenths of an inch for the web thickness
resulted in less than a one percent change in the stress concentration factor (rising from
1.077 to 1.085). This made the web thickness the only parameter that was determined to
not have an impact significant emgfuas to warrant investigating further, leaving the
other six parameters to study.

The resulting parameters were: girder depth (dG), flange thickness (tF), flange
width (bF), haltpipe thickness (bS), haffipe radius (tS) and weld size (aS). It was
shownthat these parameters were the only ones that significaufliygncethe results,
and so an equivalent change to all six of them would result in no net change of the stress
concentration factor measured.

This meant that one of the six parameters could be removed from the study, as

including all six would be redundant. If one parameter was left constant and all of the
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remaining five parameters were increased, it would be equivalent to decreasing the other
parameter. Likewise, any change to all five parameters could be marked as an equivalent
change to the sixth, and so if all five were tested together, the resulte feixth could

be extrapolated The parameter chosen to remain constant across theaeshe flange

width. This parameter was selected because it had a large influence on computational
time for each model, and leaving it constant made it less likely to make a mistake and use
a combination of pipe radius, thickness, and weld size thativeotiend beyond the edge

of the flange.

5.4 COLLECTION OF DATA

A program for the analysis was determined so that each parameter was given a set
of values to test, and every combination of values for each parameter was modeled and
analyzed. The number of valsl for each parameter was limited; since there were five
parameters being tested directly, the total number of models needed to run all of the
necessarytestswadwher e 6né6 is the number of values

Once the program of testing wdstermined, a batch analysis was run to test each
variant sequentially without user input, to allow for continuous testing. This meant that
not every model was individually examined, introducing the possibility of error. To
mitigate this, the test wadopped periodically and both the model and the results
examined to catch any possible input errors, such as faulty values inputted or program
breakdowns. Any data that appeared out of the ordinary would promptum ref the
model and a detailed examiitan that specific parametric combination

The resuls from each model wergent as outpunto a text file which contained
the current values of all relevant parameters, and the stresses from each of the four paths
used for data collection as describediertion4.5.3 Every path had 100 points déta
collected along its length ardis resulted in 700 total data points. The extra 300 points
come from the needtmeasure multiple stresses along one of the paths to collect and
generate all the necessary information for determining the principle and directional
stresses (se®ection4.5.2.3.
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This text file was then input into a program written in C++ which converted the
stress values into DNV stress predictions, OLR stress predictions, and maximum stress
readings. The program then output these values along with their actongpa
parametric information into a comma separated file to be examined using Excel. This
C++ program was later modified to also perform data analysis on the results generated

here(seeSection5.5.4).

5.5 ANALYSIS OF DATA

The first set of data collection involved altering only one parameter at a time. The
main purpose of these experiments was to determine if the parameter in question had a
significant impact on the selts This was accomplished purely through visual analysis
by creating a graph of the results and looking for a pattern.

Once the critical parameters had been chosen and the testing completed several
hundred data points had been generated. It becammaneal to determine the
relationship between the varying parameters and the stress concentration factor by
simple, visual inspection. Some more complete method had to be developed so as to
examine all possible factors and do so without requiring hurmadgnent for every

analysis as the time taken for such an approach would be prohibitive

5.5.1 Goals of Analysis

The major goal of the computational analysis was to determine if the results of
laboratory testing could be applied across a wide spectrum of designs. However, it was
also hoped that the modeling would lead to a determination of what factors most
influenced the fatigue life, how potential problems could be avoided, and as a guide to

possible further research

5.5.2 Problems for Analysis

In order to accomplish the goals of the finite element modeling, the main

objective was to determine the relationship of egmrameter, andparametric
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combination to the stress concentration factors they generated. The selection of
parametricvaluesand numerical results are presentedeéttion5.6; the original batch

testing of the halpipe model included over 400 different parametric combinations.
These runs represented the testing of 150 different possible relationships between various
parametric combinations and the stress conagotr factor. This is why it was deemed
impractical to analyze all possible combinations by hand.

Some ovelradok &Mmalrgsi sé6 could be-nwerfor med
and graphing technique®eterminingthe range of results, and looking forvodus
patterns such as one parameter clearly dominating the respegisetherswvere done
manually. Once this had been completed, it still remained to determine the relationship
of the parametric input to the stress concentration factor output.

One posdile outcome of the analysis was that there was no clear relationship
between the parameters and the stress concentration factor. This would imply that
computational modeling had given no additional insights into the problem in terms of
predicting the appdation of the experimental results. That is because without a clear
relationship there is no way to demonstrate that within a given range of possible designs,
one or more thendo notcause a significant increase in the stress concentration factor
without testing every single one. Since within any given range there are an infinite
number of possibilities this approach is impossible, and thus the computer modeling
would give no assurance as to the application of the results. In this case generalizations
such as fAthe stress concentration factor wa
thanéo could be used, but would be based on
an intrinsic property of thetressconnection itself.

The opposing outcome is thidere exists some definite relationship between the
six, tested parameters and the stress concentration factor. This result would clearly
demonstrate to what extent the laboratory results could be applied to alternate designs by
showing when the stress ra®entration factor became significantly greater, and thus
possibly a concern for fatigue life. Proving this outcome would disprove the first, and the

only way to prove the first was to disprove this possibility. Thus the analysis was done in
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order to degrmine a direct relationship between the parameters and the output, but the

possibility of no relationship existing was always considered.

5.5.3 Creation of Predictive Function

Should a relationship exist between the tested parameters and the stress
concentratia factor, it could be written in the form of an equatiBquation 51 shows
the most general form of this equation: some unknown function with the six tested
parameters as input produces the stress concentration factor (SCF). If the function could
be found which satisfied this description then that would showvedl correlated
relationship between input and output, as well as giving the ability to predistrédss
concentration factoof untested designs. If no function could be found then either there
was no relationship, or the function did not exist amongst the range of those searched for
in this project. Because there are an infinite number of possible functions, it could never
be proved that there was no function that would serve to fit the #evever, the two
possible results (finding no function or there actually existing no function) were
functionally equivalent as they both resulted in the conclusion that no proof could be
found such as to ensure that the laboratory testing was indichtieaeral behavior.

QOD W MR Y 'O (5-1)

The desired functionepresented by Equationlscould be of any type, but basic
intuition into the behavior of structural systems provided guidelines as to how it should
look. This intuition, along with considerations as to what could be tested with

computational assistance guided the search for a matching function

54 zo 47 6 Vo'as2)

The generalized version of the function that was used to predict the stress

6My -6 437647 76 <

z

concentration factor is given iBquation 52. The values Cthrough Gz represent
thiteenunknown con®t asnytnsb,ol tsheshidw t hat t he wval

multiplied together or added. The bolded values are the six parameters that serve as input
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to the function. Though here they are given a specific order, the general version of this
eqguation that was testednsidered any possible order of thpaeanetric values.

Theconstants ireEquation 52 could be positive or negative, and any real number,
meaning they can represent values between zero and one. This flexibility allows for the
given equation to have many possible, final shasewell as eliminating one or more of
the parameters from consideration.

Once the general form of the equation had been decided uptiii,rgmained to
find a method which would allow for the selection of appropriate parameters such as to
accuratelycapturingt he model 6s b evhra possible permutdticheofathel vy
equation would be tested against the given data. This was not possible in theory because
the constants could take an infinite number of values, but infinite precision was not
required, and thus the number of possiblaitsmhs tested for each constant could be
written as a finite set.

A bruteforce method of computational analysis was still determined to be
impractical, even after the range of values for the constants was narrowed. In order to
achieve even a rudimentafgvel of precision, it was found that approximately*®10
different permutations oEquation 52 would have to be tested. Any given equation
required 10 floating point operations to compare it to the finite elentestlts which
leadto 107 total floatirg point operations to perform a complete, bifoiee analysis.

Given that the computers available for pseformed at about 10 gigaFLOPS (or perform

10'° FLoating point Operations Per Secorf@ikipedia 2010) This wouldresult in a

test time of hundreds of thousands of years. Either the desired precision would have to
be reduced dramatically, or some other methods had to be found to determine the best,
final equation to be used

5.5.4 Genetic Algorithm Solution

The solution hosen to find the beéit equation which would describe the output
of the finite element analysis was the use of a gersgorithm This is a search
104



heuristic algorithm that allows the search of arbitrarily large solution space for an
optimalsolution in less than O(n) time, or fewer total calculations than possible solutions
(Sedgewick 1998 The algorithm formation is based on the principles of natural
evolution: allowing cros®reeding and mutation of various solutidescriptions based

onftnes eval uations i n or dwWikipediad20l6)br eedd bett er

5.5.4.1 Algorithm Formation

The basic components of a genetic algorithm are: gengrhesptypesparents,
children, population, mutations, and fitness ratings. First a population of genomes is
initialized. Genomes represent the instructions for forminghanotype or problem
solution. The population is the complete set of genomes created. The initialization
process is either done randombreating a string of instructions which make of the
genome, or based on previous findingst@svhat some good guesses are of optimal
solutions. It is importanthatthe initialization of the population be wigpread enough
that the algorithm is capable of branching out into all viable solutions spaitiedizing
the population with alidenticalor nearidentical solutions will force the process into one
chain of possibilities and may miss the optimal class of genomes.

Once the population is initialized, the genomes are turned into phenotypes by
following the instructions they providerf creating the actual solutignst as genes
provide the basic instructions to produce the living creature or phenotien the
phenotype is generated, a fitness algorithm is run which determines how well that
particdar phenotype actually solves the problem. The entire population of phenotypes is
then ranked against eaokherbased on their fithess evaluation

Whena list has leen created of all the genomespressed by their phenotypes
orderedbased on their fitres, the next levelor populationof genomes is populated.
This is equivalent to reproduction in the evolutionary cycle. Some algorithm picked by
the designer selects two or more parents by weighting to a higherhi@etiselection
the phenotypes th better fitness ratingandthenmates them. The mating of the parent
genomes is accomplished by splicing together their instructions to form a new genome
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which contains parts of both of its parents. At this point, some chance mutation can be
included not all genetic algorithms have mutation but allow the testing of a wider range
of solutions and help the algorithm keep from boxing itself into a corner.

Once a full population has been created through mating the selected parents (each
genome created Igets two or more parents specific to that one, not all are created using
the same set of parent genomes) the process begins again. This continues either a

specified number of cycles or until a desired fitness level has been reached.

5.5.4.2 Algorithm Implementaion

The genomes implemesdfor this problem were the instructions used to generate
the equatia includingvalues for the constants, when to use addition or multiplication,
and what order to place each of the parameters in. The phenotypes agudtiens
themselves, built from the genotypes.

First a population of equatiecreating genomes was created. These were then
turned into the phenotypes, or equations. The fitness of those phenotypes was tested
using ordinary linear regression (s8ectim 4.5.2.2.3. The equation generated as the
phenotype was used to predict a stress concentration factor for each of the data points
generated from the finite elent analysisbased on those o i rparanétric values.
These were not compared directly to the finite eleraeatysis;rather they were useas
paired values in a linear regression. The fitness of each phenotype was then determined
by the squared cor@ion coefficient, or R The higher the coefficiedts v atheue i s

better the fitness rating for the given phenotype.
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Figure 5-5: Computing Fitness of a Given Equation

Figure 5-5 shows an example of how the fitness is. The generated SCF is
considered the independent variable against which the actual value from the finite
element analysis is plotted. The line of béstagain using ordinary linear regression) is
determined and the’Ralue is used as the fitness ranking of the equation. In this figure,
the generated SCF is significantly larger than the agflaks found in the finite element
analysis,but that isnot considered as it can easily be accounted for after theditbest
equation is found. What makes this particular equadiggoor match is the amount of
variation from tle bestfit line pictured. Usethis method, instead of forcing the
magnitude of theredicted SCF to match as wel the patternallows for much mee
complete and quicker testing.The best value for magnitude, as well as the intercept
value can be found analytically. This effectively removes two degrees of freedom
computationally.

Once the fitness ratings have been determined, they are then ordered by those

ratings. The program begins to select parent genomes, the algorithm used selected only
107



from the top quarter of the solutions, and tlies remaining solutionare picked with a
greater fitness rating corresponding to a hidtketihood of selection. Only two parents
were used per chilébr this implementationmutation was used, and the two genomes
were combined randomly: with each value in the genchwsen by randoized pick
from the parents.After a specified number of cycles, the program exited and recorded
the final fithess value as well as the selected equation to file.

This algorithm reduced the time required to find an optimal solution sufficiently
so as to allow for ito be run on a desktop computer. The drawbackkisfmethod is
that there is ngranteethat the solution arrived upon is the optimal solution; howearer,
optimal solutionis not required for this problem. Any solution whiatcuratelycaptures
the bkehavior of the SCF will be sufficient so as to demonstrateafipdicability of the
laboratory results and predict the SCF for untested designs. It was found that a final
solution to the equation could be converged upon in less than one minute, though
typically more runs were allowed toontinue for several minute® maximize the

precisionof the final result

5.6 RESuULTS

The final results from the analysis performed include general observations about
behavior, specific relationships between the parametasdiest and the stress
concentration as well what conclusions can be drawn aheufatigueperformance of
the connections investigated. The plate stiffeners were not a focus of this study but had
to be modeled to provide a validation of the modeling teglas as well as a baseline
against which to evaluate the hplpe connection. The overall results as well as some
conclusions that can be drawn about the design and performance of plate stiffeners are

discussed first

5.6.1 Plate-Stiffener Results

The platestiffener connection was not investigated as thoroughly as theipalf

as it was not the focus of the study. Fewer models were investigated witkdaptin
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look at the impact of various parameters. Approximately fifty models were analyzed with

the man variation between them being the angle at which the plate stiffener was skewed

5.6.1.1 Location of Hot Spot

Determining the point of mamum stress was more challengifay the plate
stiffener than it was for the hatipe connection. Visuahspectionof the model showed
that the hot spot for any given design would occur on the toe of the weld connecting the
plate with the bottom flange. When high angles of skew were examined the point on the
weld on the acute side of the skew and the exterior offlimge was always the
maximum stress point (s&ection4.6.2andFigure4-21). However this was not found
to be the case wheplatestiffeners withlower angles of skew were examined. Instead
the hot spot appeared to drift along the length of the welddpending on the angle

The problem was examined by taking the stedssg the length of the weld toe at
varying angles of skew between zelegreesand twentydegreesafter whichthe edge of
theweldby t he f | adogieated theestressefield. At lower degrees of skew,
the stresses were found to be higheshatmidde of the weld length As the angle of
skew increased, the hot spot appeared to shift from the center to the outside of the weld

length.



11

1.08

=
o
>

Stress (ksi)

1.04

1.02

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Position Along Weld (from inside to outside)
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Figure 5-6 through Figure 5-8 demonstrate how the stress concentration varies
along the length of a plate stiffener as the angle changes. When thertskeavGhe
stress concentration factor remains lfagonstant across the length of the weld with a
slight increaselong themiddle. As the skew increases the location of the largest stress
concentration factor begins to shift to the outside, or the edge away from the web. At
around 20 of skew, the faedge of the weld becomes the dominate hot spot and remains
so for all skew angles greater tharf,2bis was tested up to 70

The final results were taken from both the middle of the weld and the far edge of
the weld. For those plate stiffeners with wkangles such that neither of these
measurements captured the maximum stress concentration factor, both values could be
examined and the true maximum approximated. The range of angles for which this was
an issue was small enough, and the numerical diféeravas both consistent and of
minimal value such as to render this procedure sufficient for the limited purposes of this

study

5.6.1.2 Range of Results

The plate stiffener detail was examined in ANSYS using the same dimensions as
were tested in the laboratory.he weld size, plate thickness, flange thickness, etc. were
all identical. The only factor changed was the skew angle of the stiffener. In the
laboratory an angle of°03(®, and 60 were tested. Using the finite element model a
range of angles betweefi &nd 70 were tested at an increment dffar a total of 36
different skew angles.

The results of this analysis were the stress concentration factors at either the
middle of the weld or at the end closest to the edge of the flange. These were determined
using the same DNYrocess described tBection4.5.2.2.2 The values ranged between

stressconcentration factsrof 1.05 and 1.35.
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5.6.1.3 Impact of Skew Angle

The wide range of stress concentration factors found from this study showed a
significant immct of the skew angle on the stress concentration for plate stiffeners. As

the angle of the skew increased so did the stress concentration factoeanlydinear

relationship.
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Figure 5-9: Stress Concentratiotfractor for Plate Stiffeners at Varying Skew Angles

Figure 5-9 showsthe resultsof the 36 different models tested. The clear, linear
relationship can be seen as the stress concentration factors increases up to a value of
approximately 1.35 at a skew of°70These values clearly show the increase of the stress

concentration factor ith the skew angle.

5.6.2 Half-Pipe Range of Results

After about 450 different model runs of the hgilbe stiffener with parameters

picked in an attempt to simulate thesortmendf designs most likely to be seen in the
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field, a small range of results was gaated. The smallest values went down to a DNV

stress concentration factor of 1.02 and rangedangsto 1.14.

5.6.3 Half-Pipe Overall Range of Parameters and Stress Concentrations

The six different parametemand the mathematical reduction to testing alk s
through varying five of themvere discussed i8ection5.3. The original tests done to
validate the model were based on the geometry of the connection that wasnfoli@d
laboratory. The main testing in which the parameters were varied in an attempt to
determine their relative relationships to the stress concentrfaobor were done with
geometry more consistent with what is seen in real bridges. The majaeniie
between the twavas being a larger overall dimension size and a flange that is thinner
relative to the other parameteas the laboratory specimen has a proportionally thick
flange as ompared to a typical design value

Table5-2: Values used in Parametric Testing

Parameter Symbol Values Tested (in
Girder Depth dG | 30, 50, 60, 70, 10
Flange Thickness tF 3/4, 15/16, 5/4

Web Thickness | tW 3/4
Flange Width bF 15
Half-Pipe Thicknesgs tS 5/16, 3/8, 1/2
Half-Pipe Radius| bS 35,56
Weld Size aw 1/4, 5/16, 3/8

Table5-2 shows the completist of parametric values testedrhe flange width
and web thickness remained constdmoughout the testingthe latter because it was
determined to have negligible impact on the results and the former to reduce
computational time (seBection5.3.2. All possible combinations of the listed values

were tested, which totaled 405 different models.
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Figure 5-10: Summary of Results from Initial Parametric Testing

Figure5-10 shows thestress concentration factageneated from all 405 models
run. The histograndemonstrates an average stress concentration factor of 1.07 about
which it appears to be normally distributedThis does nb prove that the stress
concentration is a normally distributed variable as the dependent,itipeitparametric
descriptors, wre notchosenrandomly but by design. It does show that if those values
picked do represent randanmput or an adequate samgijrof typical design values then
the stress concentratidactors arenormally distributed.

If the stress concentration can be considered normally distributed, then the
standard deviation of the results is 0.023. This gives a range of 1.02 to 1.12for tw
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standarddeviationsfrom the meanrgpresentinga 95% confidencenterval for normally
distributed datp

5.6.4 Final Equation

Once all of the data was collected, the genetic algorithm describ8ecion
5.5.4was applied to determine the equation that would best describe the behavior of the
stress concentration factor in relation to the given parameters.

YOOT® T Oopp YO8 0w

o Y 0"Y38 6 "0°® AN

o P o v ¢ Y(5-3)

Equation 53 shows the full equation that was generated through use of the
genetic algorithm. The values are unrealistically precise as this equation represents the
direct output of the program. The coefficient of determination, eaqRared factor for
this equation was found to be 0.98, demonstrating a very high degree of correlation.. The
results show that the correlation is purely multiplicative, and all the powelssaréhan

one. Furthermore it appears that the key parameters are the flange thickness and pipe
thickness, with the weld size and pipe radius playing a smaller role
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Figure 5-11: The FEM SCF versus the Predicted SCF froEguation 53

Figure 5-11 shows the high correlation &quation 53 with the finite element
results. The equation predicted results are shown on-#xésxand the aatl results on
the yaxis (a trendine is included to show the relationship). This demonstrates a strong
ability to be able to predict the stress concentration factor, and thus determineawhat

be done from a design perspective to reduce the chaackatdue failure.

Y6 0O— ——  p8t (5-4)

In order to facilitate use as well as more clearly show the relationship between the
various parameters and the stresacentratiorfactor Equation 53 was simplified into
Equation 54. The girder depth and flange width were deemed to be of minimal

importance and removed from the equation, anceip@nentsvere changed to be either
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a square root or ond&quation 54 gives a clear indication of the importance of each
parameter as it kates to the stresncentratioriactor.

The two main factors in determining what the stress concentration factor will be
for a given desigmay be written as the pipe thickness divided by the flange thickness,
and two fifths of the weldize divided byhe pipe radius. HAe first factoris of greater
importance than the secon&8oth of these factors make intuitive sense from a structural
perspective. As the influence of the pgidfener becomes greater through an increase in
its thickness or the wekize, then the stress concentration factor increases. As the flange
of the girder becomes proportionally stiffer the impact of the-piffiener is reduced.
The reason a larger pyradius makes the flange of the girder stiffer in proportion to the
half-pipe itself is that it forces the point of concern farther from the web against which
the haltpipe is secured, and thus it becomes less stiff
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Figure 5-12 The FEM SCF versus the (Simplified) Predicted SCF frdaguation 5-4
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Figure 5-12 shows the results of using the simplified equation. As is to be
expected the reduction in precision of the values used, in addition to the removal of two

parameters from consideration hassuleed in a decrease in the coefficient of
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determination. The data exhibits a greater amount of scatter than would be found in the
unaltered computergenerated equation. Yet the demse incorrelationis not greatas

the rsquared value drops from 8.0 0.94and all the FEM data remains centered along
the line of best fit. There are no errant data points suggesting neither unexplained
phenomena, nor indications that as 8@F grows significantly larger or smalldran

those found in these particul@xperiments the FEM values will diverge from the
predicted. This shows th&quation 54 is both simple to use and understand as well as
being an accurate predictor of behavior.

5.6.5 Comparison of Half-Pipe with Plate Stiffener

Part of validating the mode&s described ifsection4.6.2 was to compare the
platestiffener results to those of the hgipe stiffener ad ensure that the former
performed worse than thatter. When comparing the two specimens tested in the
laboratory, the computational model showed a stress concentration factor of 1.08 for both
the halfpipe stiffener and thperpendicular platstiffenerbased on a line of best fit from
the data. As th skew angle increased the platé¢ i f f ener 6s stress

increased with it up to a value of 1.35 for & @8gree skew.
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Figure 5-13: Stress Concentration Factor Comparison between PiStdfeners and

Half-Pipe Stiffeners

A direct comparison of the platgiffener to the halpipe stiffener is provided in
Figure5-13. This figure shows the results for the plate stiffeners at various skew angles
(with the same geometry as the specimen tested in the laboratory) as compared to the
general results from theat-pipe stiffener. The shaded box represents the range of SCFs
that were found for the haffipe stiffener, and the dashed line is the average value. The
stress concentration factor for tipdatestiffeners appear to drop slightly below the
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averagevalue for the half-pipe stiffeners for skew angles less thafy bt this is a result
of the method used to calculate the line of best fit, as well as the impact of the changing
location of the hot spot (s&ection5.6.1.1).

These results are more telling for the plsti€fener than the halbipe stiffener.
The platestiffener at low skew angles appears to perform at about the same level as the
half-pipe. At 30 skews and less it is within two standard deviations of thehalfp e 6 s
average stress concentration factor level. As the skew angle increases, the SCF quickly
jumps out of range of the hgtipe stiffener. This indicates that plates welded to a girder

at geater than 30may be of concern from a fatigue performance point of view

5.7 CONCLUSIONS AND RECOMMENDATIONS

The overall goal of this analysis was to determine if the laboratory results could
be extended to multiple design scenarios, and not jusipiagfic one tested. The results
of the laboratory testing showed that the {patfe could be considered as good as the
platestiffener detail at low skew angles, and provided for the possibility that it may be
better than it. It also showed that thefape stiffener was better than the platédfener

when it came to the higher skew angles

5.7.1 Overall Results

The findings of the laboratory testing were verified by the computational study.
A direct comparison of the stress concentration factors betwegpidtestiffener and the
half-pipe reveal them to be very similar for low skew angles.  There is no reason to
believe that the halpipe stiffener would perform noticeably worse than the plate
stiffener at any point, assuming similar desifprsparaméers such aglate thicknesses,
flange width and othersThe plate stiffeners with higher skew angles Hathonstrably
greater stress concentration factors, indicating that they would behave worse in fatigue
than the hatpipe stiffener.

The possibility 6 the halfpipe stiffener being better than the platdfener even

at low degrees of skew is also substantiated by the computational model. Though the
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stress concentration values themselves appeared to be nearly identical, within the
limitations of thisstudy, between the hgtipe and the plate, or even favor the plate
stiffener this does not give a complete picture.

The stress concentration factor provides an indication of how the geometry of the
connection, and in particular the weld, will impact tlosv of stresses through the girder.

The actual fatigue life is not directly determined by this, but rather includes also the
introduction of imperfections into the steel. Some imperfections exist in any steel girder
even before welding. However, weldiggnerally creates significantly greater flaws in
the steel which make the structure more susceptible to fatygeefailures(Sause et. al
2006)

The increase in stress at the location of weld related flaws can decrease fatigue
life. This occurs whenhe stress acts perpendicular to the plane of the imperfection,
which is the plane of the weldce(Fisher et. al 1998)In the case of the platiffeners
there always exists a plane of the weld such that it is perpendicular to the principle stress,
which is along the axis of the girder. For low orsk@w platestiffeners the entire weld
has its face, and thus imperfections, perpendicular to the action of the principle stress.

For the platestiffeners with a higher skew angle, the stress concentrataves
to the edge of the weld. The principle stress is no longer perpendicular to the face of the
weld along the length of the stiffener, but the weld curves around thesfifégeer at the
hot spot. This creates a face of the weld to be positiongemaicular to the principal
stress at the point of highest stress concentration, allowing for a crack to form there and
then propagate through the remainder of the flange. This phenomenon was the observed
method of failure in for the skewed stiffenerdeesin the laboratory.

This is not the case for the halipe stiffener. The hedpot studied, and reported
here was always representative of the greatest stress, but the stress was never
perpendicular to the weld face. Instead, the stress acted aglanofmlmost 4%from
the face of the weld. Theoretically this should lead to a better fatigue life than if the
stress were acting directly perpendicular to the weld. The component of the stress here
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was in the range of 0:8.7, instead of the principlstress magnitude of 111,

representing a significant reduction

5.7.2 Use of the HaltPipe Stiffener and Restrictions

This research indicates that a hailbe stiffener can be used in place of a plate
stiffener without adversely affecting the fatigue lifetbé girder. Further, this research
suggests that plate stiffeners at skew angles equal to or greater thaay3adversely
affect the fatigue life of a girder.

The platestiffener detail is given a category C rating by AASHTO, and this
research showed dhthe halpipe stiffener performs at least as well. It is possible that
the haltpipe stiffener may be superior to the platégfener detail, but that has not been
shown conclusively. Until further study is done, it is recommended that the same
categoy C rating be used for the haifpe stiffener.

The results of computational testing show that the stress concentration factors for
the halfpipe stiffener are tightly grouped and uniform within typical design scenarios.
Specific limits on its use are neadily apparent from the research. However, if concern
remains as to its fatigue performance, Equatighcauld be used to estimate the stress

concentration factor.
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CHAPTER 6

Distortional Fatigue Analysis

6.1 FATIGUE CONCERNS FORHALF-PIPE STIFFENER

The mainfocus for this research, both experimental and computational, has been
to evaluate the potential for fatigue failure in the tension flange of a bridge girder at the
location of a hakpipe stiffener. An additional concern, considered in this chaptdrgeis t
potential for fatigue failure of the hatipe stiffener itself due to forces imposed on the
half-pipe by the connected creBame members. It is anticipated that crérssne
members will be attached to the hpipe stiffener through the use of a cention plate.

The connection plate is welded to the kaffe, and the crossame members, in turn, are
welded to the connection plate. An example of this arrangement is shown in Fure 6
The connection plate is welded to the stiffener but is not weléhe girder flanges. The
connection plate is not welded to the girder flanges because the connection plate would
be at a skewed angle to the girder. As described in the previous chapters, welding the
connection plate to the girder at a skew leadsotergially poor fatigue performance of

the girder flange (see Sectiér6.1.3.

Since the connection plate is not welded to the girder flanges, any forces imposed
by the crossrame members on the connection plate will be transmitted directly to the
half-pipe stiffener. This, in turn, may cause localized bending of the wall of theipalf
in the region between the end of the connection plate and the girder fléngeegion is
highlighted by the circles in FigureX These localized distortions in the wall of the half
pipe could potentially lead to a fatigue failure of the 4paife in this region. This
phenomenon is referred t Distoatisnal fatiguesisaomelt i on al
recognized phenomenon when plate stiffeners are welded to the web of a girder but not to
the flanges (Berglund and Schultz 2006).

Due to schedule and financial constraints on this project, it was not possible to

investigatedistortional fatigue of the halfipe stiffener through laboratory experiments.
12t
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However, a preliminary evaluation of the potential for distortional fatigue was conducted

through the use of finite element analysis. That analysis is described in thig.chapte

Figure 6-1: Connection of Crosd=rame to Half-Pipe Stiffener

6.2 FINITE ELEMENT MODEL

All of the investigation of the distortional fatigue concerns occurred through the
creation and testing of a finite element model. This model was designed, just as those

described in previous chapter, to determine the maximum hot spot strBssaseiical
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studies were conducted to evaluate the influence of various design variables on the hot
spot stresses.

The principles used to create the model, as well as much of the code, were the
same as those employed in the previous chapters. However, witlysiogblesting the
models created for distortional fatigue invgation could not be validated.

The modeling done allowed a comparison between the stresses that would
develop in the halpipe stiffener and those that are found in the pdtiféener as aesult
of crossframe forces. e author is aware afo fatigue issues that have been observed
in platestiffener connections from this kind of loading. If it could be shown that the
stresses in the haffipe stiffener are the same or less than thosedfao the plate
stiffener then it would support the use of the Ipalfe stiffener as an alternative to the
platestiffener and indicate that no fatigue problems should arise throughfaaoss
forces.

The platestiffener connection is not subject to disional fatigue, but rather
stressconcentrations that develop as a result of efi@sae forces. The phenomena of
distortional fatigue as is typically seen in the webs of girder when welded te plate
stiffeners which are not in turn welded to the flar{fBerglund and Schultz 2006) is
functionally equivalent to the haffipe connection, not the plastiffener connection.

The platestiffener model served as the basis of comparison for a-freoeg connection
that did not have any fatigue issues agaihst halfpipe connection, which had the

potential for distortional fatigue.

6.2.1 Basic Model

The models that were used in this investigation did not employ any symmetry
constraints that could have reduced the computational time. The issue of distortional
fatigue causes a loading that was not conducive to symrametidiel reduction. The
change in the location of interest, i.e. the location where the stress concentration was
highest, resulted in a change of meshing patterns. The girder itself was nodbnger
concern for fatigue issues. Instead the-pgle or platestiffener was the location of the
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stress concentrations. The basic breplof mesh densities: coarse, fine, and efitra,
were still used but in different places in the model. The stiffeffe@mselves and the

welds connecting the crofmme to them had the densest mesh

6.2.2 Plate-Stiffener

The platestiffener had a connectigmate connected to it that was bent at a given
angle of skew. The platiffener itself remained perpendicular theweb through all
the tests, only the bend of tkennectionplate changedoased on the skew. This bent
plate was then connected to the cross frame igatth was represented by a given, axial

loading

Figure 6-2: Basic Hate-Stiffener Model (Mesh Elements Shown)
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Figure 6-3: Plate-Stiffener Model (Principle Stresses Shown)

The basic layout of the plate stiffener model can be seé&mgure 6-2; the bent
plateis welded to the platstiffener which is in turn welded to the girder. A load is
distributed across the middle of the end of the Ipdate, in plane with the bengulling
atthe skewangle in redtion to the girderand the resulting stress field is showrFigure
6-3.

Unlike thepreviousflexural fatigue analysis, a parametric study was done on the
plate siffener as well as the halbipe stiffenerfor distortional fatigue effects. This was
primarily because of the large number of unknowns invoivethis study eliminating

the impact of varying parametdry testing for thenmelpedreduce the uncertainties.

6.2.3 Half-Pipe Models

The halfpipe model was created using the same code that was used for the
flexural fatigue investigation. Like the plagéffener, the location of the extfane mesh

densities was shifted so as to allow &ppropriatemeasurements. A connection to the
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crossframe was also added the original modeand a load applied in the same manner

as was done for the plastiffene s di st or t i o.nEhé¢ loall wdsiamgpliee@ mo d e |

along the direction of the crofsame, which coelated to the angle of the skewnllite

the flexural fatigue model, the angle of skew mattered for thepiadfin this analysis
and not just the platstiffener

6.2.3.1 Intermediate Connection Plate

Two different models were created to study Hadf-pipe stiffener representing
two different methods of connecting the crfiggnes to it. The first included plate that

extended nearly the full depth of the pipe stiffener and was in turn attached to a
connection plate that was itself attached tocttossframe
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Figure 6-4: Half-Pipe Stiffener with Intermediate Connection Plate

An example of this model is shown Kigure 6-4 which displays the lement
densities along with the stress distiion. As was done with the plaséiffener model,
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the force from the crosisame is applied as a distributed load to the center of the end of
the connection plate and the girder restraineteattges.

6.2.3.2 Direct Connection

The alternate method of joining the crdsame to the halpipe stiffener that was
examinedherewas to remove the fullepth plate and attach the smaller connection plate
directly to the haHpipe. This served as a means etaidmining the sensitivity of the

method of connection. An example of this model is showsigare6-5.

Figure 6-5: Half-Pipe Stiffener with Direct Connection
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6.2.4 Hot Spot Stress

When completing the flexural fatigue study, a stress concentration factor was used
as an indicator of how the geometric changes which the connection introduced would
impact the flow of stresses through the girder. For the problem of distortional fatigue this
was not a viable option, as creating a base stress level was not feasible mathin t
constraints of the geometry. No corollary could be found for the stress concentration
factor, and so a less descriptive and more qualitative approach had to be taken.

Instead of generating a number that had a definite meaning independent from the
compuational modeling like the stress concentration factor, a comparative means of
measurement was used. A force of 10 kips was applied to each model along the angle of
the skew. The highest concentration of stress wiiasn foundin the model and the
absolue value of the stress at that point was taken as the rékalstress concentrations
always occurred at places that were impacted by the notch effect (see Sexod.

To address this problem, the DNV method of extracting stresses from-eftgch
stresses was used. The hot spots themselves were at the bottom edge of the weld
connecting the bent plate to the platdfener, or at the edge of the weld coctirey the

plate (the fulldepth plate or the connection plate itself depending on which one was
connected to the haffipe) to the halpipe.

As noted earlier, no laboratory testing was conducted to evaluate distortional
fatigue in the halpipe stiffene, so the computational studies described herein should be

viewed as a preliminary assessment only

6.3 FINITE ELEMENT RESULTS

The platestiffener model required less computational time to comppse
analysis than the haffipe stiffener. This time differee allowed for moreplate stiffener
models to be processedA total of 1038 different model®f the platestiffener were
completed and 688for the halfpipe stiffener. The parameters of interest were chosen
from those that defined the problem, and varied in the same process as was used in the

flexural fatigue study (sesection5.3).
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6.3.1 Plate Stiffener Analysis and Results

The plate stiffeneranalysesshowed a large range of results. The stress
concentration was always greatest at the bottom weld which connected the bent plate to
the platestiffener. The principle stress was perpendicular to the face of the weld, and
the path chosen for DNV extraction was along this principle direction (approaching the
face of the weld from the bottom of the platdfener).

Table6-1: Parameters Used in testing Platgtiffener

Parameter Symbol Notes Values (in)
Heigh of Bent Plate hC |Measured from Top of Flange to Bottom of Platgl, 2, 3, 4
Angle of Skew aS |Expressed in the Bent Plate 5, 10, 15, 25, 35, 40, 45, 55
Stiffener Thicknes$ tS 0.2,0.3, 0.4, 0.5, 0.6, 0.7, 0.8
Bent Plate Thicknegs tC 0.1, 0.2, 0.3, 3/8, 0.4, 0.5, 0.6, 0.7, (
Size of Weld aCW |Refers to Weld between Bent Plate and Stiffendy16, 2/16, 3/16, 4/16, 5/16

The parameters that were analyzed as well as the values considered are shown in
Table6-1. The greater number of pieces itwam in the problem of distortional fatigue
was paired with an increase in the number of parametric descriptors. There were a
number of parameters that appeared to have little influence on distortional fatigue, such
as the girder flange width, that wemet included in the study. This meant that a sixth
parameter could not be included by extrapolation as was the case in the flexural fatigue

study. These five parameters shown here represented the entirety of what was tested
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Figure 6-6: Histogram of PlateStiffener Stresses

The wide range of stresses that result from the pdifiéener testing can be seen
in Figure6-6. The majority of parametric combinationadetoa maximum stress that
was50 ksi or less, but approximately 35% were gretitan 50ksi, and several reached
close to or in excess of 100@i. Thislarge range shows that hot spot stresseshe
platestiffener are highly sensitive to the parametric values chosen in the design. The
average value of the stresses wak&i7and the median value was B&. Theseesults
were clearly not normally distributed, meaning the standard deviation was not a

meanngful value for this data set.
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Figure 6-7: Stresses in Plat&tiffener vs. Skew Angle

The histogram revealed little about the data itself other than its range and
average. A more descriptive image is foundrigure 6-7 which shows the relationship
between the skew angle and the maximum stress. The stress concentration appeared to
be generated from the prying away of the beatepfom the platestiffener This means
that as the angle of skew increasthg stresswill increase with it. Though the other
parameters clearly played a role, it can be seen that the skew angle dominated the stress
concentration.

The same equation that svased in investigating flexural fatiguEquation 51)
was utilized here to determine the influence of each parameter. The same genetic
algorithm was also employed to solve for the Hgestquation, now using the parameters
relevant to the platstiffener study.
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The results of the genetialgorithm are shown inEquation 61. Again the
numerical values are unrealistically precise astiigtion represents the direct output of
the computer. The most influential parameter appears to be thesplatef f ener 0 s
thickness. This is in line with expectations as the value represents the stress that would
appear in the platstiffener given a castant, applied load. Astheplaet i f f ener 6 s s
decreases the stresses will go up since the load is maintained. This does demonstrate that
increasing the plate stiffenerods thickness ¢
The skew angle, as mentioned abovep asts as a highly important variable
showing the impact of increasing the angle at which the force acts. This increases the
prying stress at the edge of the weld. The distance above the bottom flange at which the
crossframe is connected appears to haeene impact as well, showing that the closer
thecros§ r ame can be to the gi rstfienedwsl pdrformnges t h
The thickness of the connection plate and weld size appear to have little impact.
The Rsquared correlation coeffigiefor Equation 6L is 0.97, a very high value.
This is the most important result, demonstrating that the stresses in thstiffieer are
well behaved. They act in predictable ways as the various parameters are changed and

thus are the results herarcbe extrapolated to general design

6.3.2 Half-Pipe Stiffener Analysis and Results

The halfpipe stiffener results spanned a much smaller range than those of the
plate stiffener. Like the plattiffener, the stress values wemmarily on the low enaf

the spectrumand tailed off for higher stresses.
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Table6-2: Parameters Used in testing HaPipe Stiffener

Parameter Symbol Notes Values (in)
Measured from Top of Flange tg
Bottom of Plate

Heigh of Connection Plate¢ hC 05,1,152,3,4

Angle of Skew aS | Expressed in the Connection Plate 15, 35, 40, 55
Stiffener Thickness tS 0.3, 0.5, 0.6, 0.7
Connection Plate Thickneps tC 0.1, 0.3, 3/8, 0.5
Size of Weld aCW Refers to Weld between 1/16, 2/16, 3/16, 4/16

Connection Plate and Stiffener

The parameters used in testing the pgtle stiffener were the same ones used for
the plate stiffener, except that thalf-pipe model used a general connection plate instead

of a bent plate, and the stiffener refers to the-piglé instead of the plate
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Figure 6-8: Histogram of Half-Pipe Stiffener Stresses
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Figure6-8 shows a histogram of the hgtipe stiffener results. A high grouping of
models exhibited stresses in the lower ranges with progressively fewer model exhibiting s
the higher stressesHere the total range is from a stress of 1 ksi up to 110 ksi. The
average value was 25 ksi and the median was 17 ksi.

An attempt was also made to generate an equation that would predict the stresses
in the halfpipe stiffener. However an-BRjuared corration coefficient could not be
achieved that exceeded 0.55, which demonstrates del@d of correlation. It was
discovered that this resulted from the impact of the skew angle. The angle of skew
appeared to have a sinusoidal impact on the stressesen Wie crosframe was
connected away from both the web and the edge of the flange at ardlide4same
location the maximum stress was found in the flexural fatigue model, the stress was at its
lowest. When the skew approached either extreme of ttedeuof the halpipe or
coming close to the web, the stress would increase. These shifts were not dramatic,
indicating that large variations were not to be expected. However, they could not be
captured by the polynomial nature of the equation thatused in the attempt.

It was discovered that when the impact of the skew angle was removed, by
examining each angle as a separate data set, the equation could perform very’well. R
values in the range of 0.9 to 0.95 were found, showing abeblhved solinn. An exact
equation including the skew angle could not be written as a result of this behavior. It was
demonstrated though, that the Railbe stiffener did have predictable results, and thus the
specific values found in this study are indicative w€rall behavior and not random
distribution.

The difference between using an intermediate connection plate and not using one
was examined, but found to be negligible. It was assumed that using an intermediate
plate would be the usual method chosen wheatarg a final design as it would greatly
facilitate construction in the field. However, the results here demonstrated that either of
these options would have similar results, and that the stress generated was not sensitive to

the method of connection
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6.3.3 Comparison of Results

Both the platestiffener and the halpipe stiffener had results that demonstrated
predictable behavior. This, along with keeping the parametric input equivalent allowed
for a comparison between the platdfener and the halpipestiffener. The values of the
stresses were all from equivalent loads, each one having a 10 kip force applied where the
crossframe attached to the connection plate.

The first and most important observation was that the average value and median
value, whidr was more descriptive of behavior for these data sets, was lower for the half
pipe stiffener than it was for the pladgffener. The difference was significant. The
average for the plate stiffener was 67 ksi and the average for thgigalétiffener vas
25 ksi, 40% less than for the platgffener. The median values followed that same
pattern, being 25 ksi and 17 ksi respectively. The range of results also favored-the half
pipe stiffener. The plate stiffener produced stresses of which more thaexzg#ded
100 ksi. The halpipe stiffener had only one result that exceeded 100 ksi. The wide
variability demonstrated by the plagéffener indicated that designs within the scope of

typical detailing could result in large stress concentrations

6.4 SUMMARY

The results of this preliminary finite element analysis suggest that peak stresses
developed in the halfipe stiffener from the crodsame connection are generally less
than peak stresses in the bplate connection. Since there is no history ofgiai
problems with the bent plate connection, this result suggests thafrenmesconnections
to the halfpipe are not expected to cause distoriimtuced fatigue problems. However,
it should be recalled that this study was largely qualitative in naane there was no
laboratory test data available to validate the model. Laboratory testing of thdraross
to halfpipe connection would be desirable in the future to provide additional insights into
the potential for distortional fatigue problems ire thalfpipe stiffener and to provide

data for validation of computational models
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CHAPTER 7

Summary and Conclusions

7.1 SUMMARY OF PROBLEM

The overall goal of this investigation was to determine if there were any fatigue
issues that might limit the use of the hgifpe stiffener in place of a plate stiffener for
crossframe connections in skewed bridges. The gdéifeener is currently given a
fatigue category rating of ACO by AASHTDO.
determine if the halpipe stiffener performd better or worse than the plate stiffener with
regard to fatigue, and to suggest a fatigue design category. This portion of the study
focused on fatigue of the girder tension flange at its connection to thpipaltiffener,
and included both experim&al and computational studies. An additional objective of
this study was to conduct a preliminary investigation into the potential for distortion
induced fatigue in the haffipe stiffener at its connection to the créigsne. This portion

of the investjation was addressed by computational studies only

7.2 PHYSICAL TESTING AND RESULTS

To study the fatigue performance of the girder tension flange at the connection to
the haltpipe stiffener, a series of fatigue tests were conducted. The test specimens
included both halpipe stiffeners and conventional plate stiffeners for comparison. The
plate stiffeners in the specimens were oriented perpendicular to the web and also at a
skew angle to the web. Plate stiffeners at both a 30° and at 60° skew angle t@dre tes

The test specimens were allibjected to cyclic loading causipge-determined
stress ranges until fatigue cracks formed. Then the test was stopped, the total number of
load-cycles it took to reach failure was recorded, and the test was continukethent
beam was no longer usable. All beams were installed with bothspitiémers and half

pipe stiffeners that were tested together simultaneously
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Figure 7-1: Results from Physical Testing

The results ofthe testing are shown irrigure 7-1. The AASHTO fatigue
categories are also shown. All of the stiffeners to girder connections that were tested
passed the tagory C,and most passed the &litegory rating. The two connections that
did exceed tb C category but not the Biting were the platstiffeners that were skewed
at 60 degrees. These performed the worst of all of the connections, with the 30 degree
stiffenersperforming slightly better

The perpendicular platstiffeners performed above the level of the skewed
stiffeners, but they showed incipient cracking in one case, and did crack in another. The
half-pipe stiffeners never exhibited any fatigue cracking.topsies that were conducted
after the testing was complete revealed no cracks forming in theipalfstiffeners.
These results showed that the kaffe stiffener performed as well as or better than the

currently utilized platestiffener.
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7.3 FINITE ELEMENT MODELING

After the physical testing was completedfinite element model wageneratedn
ANSYS that simulated both the hglipe stiffener and the plawgiffener as
computational modelsA parametric analysis was performed on the-pgle stiffenerd
determine how stable the results were, and what values impacted the stress concentration
factors

-Average Split-Pipe SCF e SCF of Plate-Stiffener
1.4

1.35

13

1.25

1.2

1.15

11

Stress Concentration

1.05

0.95

0.9

0 10 20 30 40 50 60 70
Angle of Plate Stiffener (degrees)

Figure 7-2: Results of Computational Comparison between the Pi&téfener and
Half-Pipe Stiffener
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The final results can be seenkigure7-2. The halfpipe stiffenerperformed as
well as the platestiffener, and better than it by a significant margin at high skegles.
The range of resultfor the halfpipe stiffener wereoncentrated within a small range,
showing that idid not have the tendency to rdily reduce performance given changes in
thedesign. This indicates that there would be no drop in fatifgisHould the halpipe
stiffener be substituted for the pleggffener.

A finite element analysis was also completed comparing thephgf stiffener
with the platestiffener for distortional fatigue concerns. This study likewise found no
indication hat the haHpipe would perform worse than the plstéfener. The average
and median stresses generated in thedipd under identical loading were less than
those foundn the platestiffener. The results appeared to show consistent behavior that
would not quickly devolve under slight changes to the basic connection design.

7.4 RECOMMENDATION FOR USE

Based on the physical and computational results, it is recommended that the half
pipe be given a category C rating and be used in place of thespfgeer where
applicable. There was no indication by any of the resaliad herethat the haHpipe
stiffener would perform worse than the plate stiffener, and thus no reason to give it a
worse rating. Though there was some justification found for imprategating, it was
not sufficient so as to recommend a higher AASHTO fatigue category rating.

If concern remains as to the performance of the-fipk stiffener, restrictions
could be placed on its use. Limits to specific values could be used to #masuhégh
stress concentrations don6t devel op. For

v o q;nch would reduce the possibility of fatigue failure witheaverelylimiting the use
of the halfpipe. A similar restriction coulde placed on the teo of the halfpi pe 6 s
thickness to the flange thickness. Should this be done, a vaIGeodfs recommended,

which would again reduce the potential for failure without being overly restrictive.
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Another possibility, should there still be concern for fagigperformance, is to use

the generated equatiéound in5.6.4to limit the predicted stress concentration.

Y6 O— —— p8t (7-1)

Limiting the value produced bfequation 71 for implementation of the haffipe
would be a simple way to allow for the majority of desiwrile still providing a robust
protection against fatigue failure. If this approach is taken a value of 1.15 is

recommended as thienit for design.

7.5 AREAS FORFURTHER STUDY

The research conducted for this project was sufficient so as to confidently
recommend the use of a category C rating for thefhp# stiffener. However, it also
opened up avenues for continuing sttidgt wouldhelp gain a greater understanding of
the fatigue performance of the halpe stiffener. Two main areas appear to be relevant
for furtherinvestigation

Both the laboratory testing and computational studies suggested a strong
possibility existed for a tague rating above the category C, possibly significantly better.
This could be studied through a larger program of laboratory testing that would look
exclusively at the halpipe stiffener. Such research might allow for a better fatigue
category ratig, improving the potential use of the hplpe stiffener

The second area that would benefit from further research is the impact of
distortional fatigue. The computatiorstidyundertaken here included a large number of
assumptions, and could not beigated through physical testing. Further research into
how such distortional forces occur, quantification of those forces, and then laboratory
testing would greatly increase understanding of the problem. Currently the hatf e 6 s
only proposed use at tlends of girder or over supports where distortional effects are

minimal. Its use could be expanded if more were known about distortional fatigue.
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Appendix
A PHYSICAL TESTING

This portion of the appendix contains data from the physical testing portion of the

research. The summary data and conclusion can be foGtdARTER 3

A.1  Records for Physical Testing

A paper record was kept of the physidakting noting the settings of the
electronic controller, the cycle cthant,
specimen itself (such as formation, or possible formation of a fatigue crack) were also
noted along with any event that caused the test terporarilysuspended (such as an

equipment failure). These records are included here.
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