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ABSTRACT

A common technique used to prevent the propagatianacks in bridge girders is drilling
crack-stop holes at the crack tips. By doingss@ss concentrations at the tip of the cracks are
reduced and fatigue life of the bridge is extend€Hde size of the crack-stop hole is determined
by utilizing known material properties and relasbips developed through experimentation.
However, these equations often result in a crasg-Bble diameter larger than can be practically
drilled; therefore, physical limitations force ckastop holes to be undersized in the field. To
raise the effectiveness of the undersized hol#satoof full-sized holes, a method is needed to
strengthen undersized crack-stop holes.

A similar problem was reported in the aerospadestry with fastener holes, which are
potential sites for cracks to initiate and propagéabtatic mechanical coldworking generated a
great deal of interest in the 1970s and was ameweral processes that were investigated for
improving fatigue life of fastener holes. Extemsliterature exists showing that static
coldworking of fastener holes can increase fatilffeeto-failure by a factor from three to ten,
depending on stress range.

The purpose of this study is to develop a techstgumprove the fatigue lives of
undersized, crack-stop holes. The technique uhelezlopment uses piezoelectric transducers
operated at ultrasonic frequencies to improve upongnized coldworking techniques. The
piezoelectric transducers duplicate the residuadpressive stresses produced by static cold
expansion and hopefully change grain size. Thesidwal compressive stresses act as a barrier
to crack initiation by reducing the stress concaidn at the hole. In addition, this new
technigue is expected to change the crystallinettre of the steel in the immediate vicinity

surrounding the under-sized hole. It is thought the excitation from the piezoelectric



transducers will refine the grain size and createge uniform grain size thereby improving
fatigue performance.

A tool is being developed that utilizes the pideogic transducers ability to convert
electrical signals into mechanical work. Initialtie tool being developed is a small-scale
laboratory device; once the technique is provenijlitbe scaled up for use on full-scale bridge
members under laboratory conditions. Lastly, 4 tsong the same technology will be
developed for field application.

The research includes a set of finite element satteated to aid in tool design and to
guantify and characterize the residual stresseswwuing the cold expanded crack-stop holes.

Results were compared and agreed quite favoralagpatyses found in past literature.
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CHAPTER 1 INTRODUCTION

1.1 PROBLEM STATEMENT

Currently, bridges all throughout the country camt@onnection details that are susceptible to
the formation of fatigue cracks. At the time thbesieges were designed and constructed,
engineers lacked some of the fundamental knowlefijee causes of fatigue crack formation.
Fatigue prone connection details are in such almo®slthat the Minnesota Department of
Transportation (MnDot) funded a research studygriporating numerous other DOT'’s to
determine existing details most susceptible t@éeticrack formation [1]. A summary of these
fatigue prone details can be found in the repoittevr by Lindberg and Schultz [1].

While the number of bridges with fatigue prone deta alarming, fortunately most
fatigue failures have a relatively long propagateniod between original crack detection to
eventual failure. As a result of the relativelpdopropagation life, measures can be taken to
retrofit and preserve existing cracked bridge memtidatigue cracks are detected in early
stages of propagation. There are several existigipods available that can retard the
propagation of fatigue cracks. These methods d&cl(l) grinding away shallow cracks; (2)
adhesive patching with composite materials; (3)dng the cracks; (4) implementing metal
reinforcements; (5) drilling holes at the tips odicks and (6) modifying connection details [2].
These methods are attractive considering the aliees are either the complete replacement of
the cracked structural member or reducing extdaaals coupled with careful monitoring.

One extremely common retrofit technique is to drilole at the tip of a fatigue crack to halt or
slow its propagation [3,4]. The challenges assediavith correctly applying this technique are

that the theoretical size of a properly sized cistdp hole is often too large for practical



implementation in the field or the location is hed by other members. To overcome this issue,
crack-stop holes are often drilled undersized aftduhreinforced.

A similar problem is faced in the aerospace ingustnere large stresses are commonly
seen at the edges of fastener holes, often sitesdok initiation. In order to strengthen these
fastener holes, the holes are often statically egfthnded. Static cold expansion is typically
accomplished by forcing an oversized, tapered n&nldough the hole, often resulting in fatigue
life improvement between 3 — 10 times that of atreated hole, depending on stress range [5-8].
This quantified level of improvement in fatigueelis often reported for newly drilled, uncracked
statically-expanded fastener holes. However, ¢salting fatigue life benefits are similar for
holes cold expanded in crack-stop hole situatidn9 ] 26].

The cold expansion process results in an increfasiggdie life by inducing high residual
compressive stresses around the edges of thedalssd by permanent deformation. The hole
is forced to expand through a mechanical proc¥sslding will first occur along the edges of
the hole where stresses are highest. As furthgareston is mechanically induced, the zone of
plasticity spreads further outward from the hdiéaterial that lies beyond this plastically-
deformed region will deform elastically under tippbed displacement. After the mechanically-
applied displacement is removed from the systesidual compressive stresses around the hole
are created from the elastic rebounding, or “sprawds” of the unyielded material surrounding
the permanently-deformed plastic zone [10].

While several static cold expansion techniquesareently available having the ability
to induce beneficial compressive residual stressesw technique is being developed that will
not only induce these beneficial residual strebsgss thought will refine the grain size in the

inside surfaces of the crack-stop holes. The §ipgechnique being developed uses



piezoelectric transducers to dynamically work aaldl-@xpand the volume of steel plate
surrounding a crack-stop hole's inner surface. ddynally working steel through impact at high
frequencies is a proven method for refining cogragned steel into finer grained material [11],
which can translate into improved fatigue perforogan The technique investigated in this

report has been termed Piezoelectric Impact CorapeKinetics (PICK).



1.2 OBJECTIVE

This research is focused on improving the fatiguesl of steel bridge structures. While cold
expansion techniques exist, these have been appleerospace structures. The value these
methods of cold expansion have shown on fatiguspeance of aerospace structures suggests
it is sensible to extend the technique’s appliéghid steel bridges. Therefore, the objective of
this research is twofold:

1. Investigate the appropriateness of generic coldesion techniques for steel bridge
fatigue life improvement though comparison aga@xssting results reported in
aerospace engineering literature, and,

2. Develop a new technique suitable for improvingftitegue lives of steel bridges (PICK).

To permit the application of current static colgharsion techniques, commonly used on

aerospace materials (primarily aluminum), to beeded to materials frequently used in bridge
construction (in this case steel), a series ofdielement models (FEMs) were prepared. A
discussion of these FEMs can be found in Chaptéthis report. In addition, a series of
laboratory fatigue tests were performed to deteertte fatigue life improvement possible
through treatment with the newly developed PICKitegue. The preliminary results from this

laboratory investigation can be found in Chapteasi@ 4 of this report.



CHAPTER 2 BACKGROUND

2.1 THEORY OF CRACK STOP HOLES

Current methods used to determine sizes of craykistles are based on linear-elastic fracture-
mechanic theory [12]. Analytical methods involyiimear-elastic fracture mechanics are based
on the procedure that relates magnitude of thessfield near the tip of a crack to nominal

applied stress, as described by Eq. (2-1):

0...—KO.., (2-1)
Factors that affect the magnitude of the stresdiiogion term,k;, are: size, shape, and
orientation of the crack or crack-like imperfecsonThe elastic-stress field at the edge of an
imperfection, as described in Eq. (2-2), is deriuader the assumption that the shape of the
imperfection is either elliptical or hyperbolic éEigure 2-1) and the nominal applied stress is

normal to the plane of the imperfection.

Ao, =——L (2-2)

max \/E

In Eq. (2-2), the stress intensity factdK, , is determined assuming a zero radius crack tp an

an initial crack lengtha = a, + p, wherep is the radius of the hole.
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Figure 2-1: Schematic representation of elastic-s#ss field distribution near the tip of an ellipticd crack

From Eq. (2-2), it is observed th#K, and the square root of the radius of the notgh/tipeach
alter the magnitude of maximum stress seen atdpe ef the notch. Eq. (2-2), which is valid
for relatively sharp notches, is only exact whemnbtch tip radius is equal to zero. However,
finite element analyses have shown that Eq. (2@)ides a fairly accurate relationship for
imperfections with notch tip radii small comparethathe crack length,&[13]. The theoretical
relationship between ternfdK,;/vp) and maximum stresgpmax, led to further laboratory
investigation to study its significance to fatigtrack initiation life. Thus, through basic
fracture mechanic theory and extensive laboratesyrig, Eq. (2-3) was derived in [12], and can

be used for determining the proper size of craok-sble radii in steel bridges:

2
p: AKto’[al (2_3)
As an illustrative example as to how Eq. (2-3) rhayapplied in a practical application, consider

the following typical case in which crack-stop l®taay be necessary: A fatigue crack is found

during an inspection in the web of a bridge giraear the top flange. The crack runs



longitudinal to the girder, as shown in Figure Z&8d is 216 mm [8.5 in.] long, offset 12.7 mm
[0.5in.] from the top flange. Therefore, theselimensional room for a crack-stop hole with an

approximate diameter of 25.4 mm [1.0 in].

Composite Concrete Deck

4, =4 < < < <
q < 4 . 4 i . i p . 4 . - . e g .q n 44 £ e
7 Ao o . T
]
M Unstiffened
Web Gap
Crack-Stop Holes Top Flange >
i l\ Out-of-plane
~=~ Horizontal Crack Horseshoe Crack - Distortion
Connection Stiffener \—Girder Web Connection Stiffener
} {
A ¥

Figure 2-2: Fatigue crack with drilled crack stop toles in steel bridge girder

For the fatigue crack scenario presented, condiigesteel in the girder's web to be Gr. A36 with
static yield strengthgy,s = 248 MPa [36 ksi]. For the 216 mm [8.50 in.]démcrack, the stress
intensity factor 4Kiota, can be determined as follows (note that the folhgagalculations are

provided in US standard units as Eq. (2-3) is saitsitive):

MK, =0\ (2-4)
in

K., =(26) (n)[s'z J = 95.0ksi/in.

The value of 179 MPa [26 ksi] assumed for the nathyrapplied stress was taken from previous
finite element studies [14,15] which quantified rioah stress seen at web gaps of details similar
to that shown in Figure 2-2. The required radaukadlt crack propagation can then be directly

solved for from Eqn. 3:

95.gn \°
p= : _ J =2.51in.
10y 36



Therefore, the required crack-stop hole diametetife 216 mm [8.50 in.] long crack is
approximately 127 mm [5.0 in.]. For this crackdén there is not enough space to install a
properly-sized crack-stop hole; therefore, the nadelld need to be undersized due to the
dimensional constraints. The 25.4 mm [1.0 in.hté¢er holes could serve as a temporary aid to
retard the crack from propagating. However, evahtuhe fatigue crack would reinitiate and
propagate away from the undersized holes edgeawdiitual failure of the structural member or
additional repair. This situation is often typiéai crack-stop hole design scenarios, where the
hole diameter needed to completely halt crack gyafian is simply too large to be practically

implemented.

2.2 THEORY OF STATIC COLD EXPANSION

Utilizing static cold expansion to improve fatiglife of holes in metal plates began generating
interest in the 1970s, primarily in the aerospaciistry. Early interest in static cold expansion
was generated due to the need to reinforce andiragatigue performance of fastener holes,
often locations prone to crack formation. Throlatoratory investigations, static cold
expansion was shown to reduce the probability a€lcinitiation and continued growth of
fatigue cracks from fastener holes in various gsamfealuminum, titanium and high strength

steels [7].



2.2.1 Residual Compressive Stresses

Static cold-expansion improves fatigue performaofdeoles in metal plates due to the high
residual compressive stresses it induces arounedtpes of the holes. These residual stresses
are formed by permanently deforming the materialcgunding the inside of the hole.

Permanent deformation is often achieved thoughruéin oversized mandrel through the hole,
causing yielding along the edges of the hole. tahgential stress is positive at the expansion
stage, and after reaching a maximum, will decayyawan the edge of the hole, Figure 2-3a.
Material that lies beyond this plastically-defornredion will deform elastically under the
applied displacement. Once the mandrel has coatpleassed through the hole the unloading
process generates a zone of residual compressaas streated from the elastic rebounding, or
“springback,” of the unyielded material surroundthg permanently-deformed plastic zone [10].

The zone of residual compressive stresses restittngelastic rebounding can be seen in

Figure 2-3b.
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Figure 2-3: Stress fields (a) during cold expansioprocess (b) upon completion of cold expansion
proces:



Among the three principal residual stresses (sg@& 2-4) generated from SCE
(tangential, radial, and transverse), the tangefitta hoop stress) at the edge of the hole istmos

responsible for the considerable gain in fatigtes[B].

Applied Load

Figure 2-4: Coordinate system of residual stress@sduced during cold expansion: (x-axis = radial,
y-axis = tangential, circumferential, hoop; z-axis= transverse)

The tangential residual stress field, Figure 2i8lthe main contributor to improved fatigue
performance because the direction of tangentiaduatstress coincides with that of the large

stress concentration caused by geometric discatytiefiects created by a hole (see Figure 2-5).
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Figure 2-5: Stress values around loaded hole

2.2.2 Current static cold expansion procedures and equipent

Several static cold expansion methods are currentijlable for the treatment of fastener holes;
however, the most effective and widely acceptetrgpie intended for aerospace applications is
the split sleeve mandrel process developed by d@figgchnology Incorporated (FTI) of Seattle,
WA. This particular technigque was introducedha 1970’s by Boeing Commercial Airplane
Company and is now commonly performed in aircradtntenance and manufacturing [6].

The split sleeve mandrel process, as seen scloathatn Figure 2-6, utilizes a solid,
tapered mandrel and an internally lubricated siphktl sleeve. The split sleeve process begins by
positioning the sleeve over the mandrel and insgtthe mandrel into the hole. The externally
applied force on the mandrel easily deforms theemadtaround the inside edge of the hole. An

optimum level of expansion for the split sleevehtgque is typically between 3-5% of the
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original hole diameter, although this may vary depeg on the particular application and the
local geometry of the component and material [¢,8,8,20-21,26]. The deformed material is
displaced beyond the yield point extending thetmla®ne a large distance away from the edges
of the hole. Upon removal of the mandrel, constraieated by the surrounding elastic region
causes extensive reverse yielding of the matetriddeaedge of the hole and causes a relaxation
of the highly overstrained region. The expandeé\st remains in the hole and can be left in the
hole or discarded. It should be noted that it iImewn practice remove existing damage by

reaming or drilling and reaming the inside of thsténer hole [16].

Internally lubricated stainless
steel split sleeve

Solid, tapered mandrel\

Entrance

Face Hydraulic puller

Figure 2-6: Split sleeve cold-working process.

Benefits the split sleeve technique offers ovleptavailable static cold expansion
methods are its ability to effectively treat thengete through thickness of a plate and its ease
of use. Other static cold expansion methods haweyis a similar ability to generate beneficial
residual stresses at a plate’s mid-thickness; hewenost static cold expansion methods lack the
ability to resist transverse plastic deformatioousrd plates outside edges. This extensive plastic
flow of material in the transverse direction wilsult in a reduction in the amount of plastic

deformation possible in the radial and tangenti@ations. The result of a reduced level of
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plastic deformation causes both the size of thstiglaone and the magnitude of the material
constraint to be decreased resulting in residuasses that are less compressive [8].

The split sleeve process is the most effectivertiegie in generating uniform levels of
stress through the thickness of plates. Howeveuynaber of FEM and laboratory studies have
shown the split sleeve technique to produce slidbtier levels of residual stress at a plate’s
entrance and exit faces as compared to at midftegk [5-8, 16-18] In a study performed by
Fourges et. al., a series of finite element moffesVis) of the split sleeve process were created
showing that the lowest level of residual stressesirred at the entrance face of the treated hole
(Figure 2-7). The reason for higher levels atrthé-thickness is simple; with more material
available to constrain the plastic zone, a higbeell of residual stress will result. At the exit
face, the level of residual stress is greaterrasalt of the modified geometrical conditions & th
exit face caused by the accumulation of materidime as the mandrel moves through the hole

[18].
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Figure 2-7: Through thickness stress distribution of split-mandel technique, figure taken from
work by Forgues et. al. [18] (r = distance from ha's edge, a = radius of hole)

An extensive amount of research has been perfooné¢de optimization of the split-
sleeve mandrel cold-working process [19]. The $oofithese prior studies was broken up into
two phases. The first phase focused on basic &spkthe split sleeve mandrel process, such as
mandrel taper angle, level of interference, puthece requirements, and post reaming
requirements. These and other parameters werstigated until optimized values were
achieved that maximized beneficial effects suca asnimized puller force and increased
fatigue life [19]. For the second phase, effeétadalitional process parameters were
investigated. This included the presence of cracks to the cold-working procedure. It was

concluded that there was a critical existing crsizck above which no residual compressive
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stresses could be generated. However, for spesimin cracks smaller than critical crack
sizes, results showed that if the ratio of theadlise between a hole centerline to the edge of the
specimen and a holes diameter were of reasonalgly \alues, cold-working of previously
cracked specimens could be successfully accomplighe Similar investigation will be

required in order to optimize the parameters ofRI1@K tool technique.

2.3 PREVIOUS COLD EXPANSION RESEARCH

2.3.1 Quantifying Residual Compressive Fields

To reasonably predict the levels of improved fatigerformance resulting from cold expanding
crack-stop holes, residual stresses must be aetyrptantified. A number of analytical
investigations and techniques have been proposdanpared with the laboratory
investigation, performed as part of this thesisese previous studies are discussed in the

following sections.

2.3.1.1 Analytical Methods

Previous analytical investigations of static colgpansion [7,17,10,20-21] have been based
largely on two-dimensional approximations. Thdssed-formed solutions have been applied to
both the plain-strain condition of the thick-walleginder and the plain-stress condition of holes
in infinitely wide plates. These analytical simpétions used both Tresca and von Mises yield
criterion with assumptions of either elastic-petifeplastic or strain-hardening material
properties. An extensive review of these closedifsolution techniques has been performed by

Poolsuk [10].
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Each method reported by Poolsuk [10] attempteglisntify and characterize the level of

residual stress that could be achieved througltstald expansion. The methods of analysis

were consistent in showing that a level of resicdaahpressive stress approximately equal to the

yield strength of the material could be achievethmtangential direction near the edge of a hole

(Figure 2-8). These methods have also shown dsedual compressive stresses decay rapidly in

the radial direction and at a distance equal to@pmately the diameter of the hole away from

the holes edge, residual stress will reach its mawi tensile stress. This distance is referred to

as the elastic-plastic boundary(Figure 2-8). Previous analytical investigatitras'e

consistently shown, to be a function of varying levels of expansiod afate thickness. The

benefit to a larger value of is that it tends to increases the zone of residopression.

E V'

Treated hole

Tangential stress

°a Q9 @ @

m]

Zone of reverse
yielding

Region of residual
COMpPressive
tangential stress

Maximum residual
COMPressive
tangential stress

Region of residual
tensile tangential
stress

Elastic-plastic
boundary

V'

Y

Plate free edge

Figure 2-8: Tangential residual stress distributionof a cold expanded hole
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More recent investigations have examined vari@rarpeters that affect the level of
residual compressive stress that can be achielieese parameters were investigated through
FEMSs of varying levels of complexity. The purpadgdhese investigations was to understand in
more real-world settings the level of residual sdrachievable through static cold expansion of
holes in metal plates. The majority of previol&Ms studied various grades of aluminum,
however, due to the similar nature between thdtsebom aluminum and mild steel, FEMs
created in Chapter 5 of this report, it is reastemétbassume that previously investigated
parameters will have similar effects on holes cadked in mild-steel bridge elements, as they
were found to have in aluminum. The parametesgudised in section 2.3.2 of this report, are:
edge distance effects; size of the hole; thickoésise plate; and effects of preexisting cracks

surrounding the hole.

2.3.1.2 Experimental Methods

A variety of techniques exist that have shown teddable for measuring levels of residual

stress surrounding a static cold expansion halegeheral, there are two experimental
approaches that can be used to measure residesdesdt First, non-destructive methods such as
neutron and X-ray diffraction, which involve theelit measurement of dimensional changes in
lattices as microstrains using diffraction techmigjucan be used. Second, destructive
technigues, which involve measuring changes in asi&ins in a section by successive removal
of layers of the material, can alternatively bedusemeasure residual stresses [6]. Examples of
the implementation of these and additional metloasisbe found in works referenced in this

report [6,22-24].
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2.3.2 Parameters effecting levels of residual stress

Section 2.3.1 of this report was intended to prexadyeneral overview of the levels of residual
stresses that can be induced around a static kplthsion hole in a metal plate. The purpose of
the following section is to discuss the effectglofnging several systems parameters on residual

stress profile.

2.3.2.1 Edge Distance Effects

Since the early stages of static cold expansioeldpment, there has been concern regarding the
residual stress distribution in holes located reeplate’s edge. The concern was that without
sufficient material between the static cold expamgiole and the free surface there would be an
insufficient amount of elastic material surroundthg hole to constrain the plastic region not
allowing for proper “springback” of the elasticatigformed region to occur.

Ayatollahi and Nik [25] performed a study investigg this concern at the Iran
University of Science and Technology. In the sty FEMs of Al 2024 plates were created
under varying levels of uniform expansion. It veasicluded that edge distance did have a
significant impact on the residual stress profsulting from static cold expansion. As a
general rule, so long as the edge distance rdig edeing the distance between the center of
the hole and the free edge, dhdhe diameter of the hole, is kept above e/D $hé&d is
sufficient material to control the plastic zone aanpressive residual stress is not affected.
However, for edge ratios lower than e/D = 3, threead benefits of cold expansion were not
nearly as dependent on degree of cold expansiothanefore similar, while lower levels of
compressive stress can be accomplished throughhvieignal levels of expansion (see Figure 2-

9).

18



L8

o
© .64 DCE=4%
= poresa, "
ey O g 1
[ - Y il
A - \ " PRt T o — o
=
= o0
&
= 0.2 A
= ali=5
% 44 £ 4 LFE e [ a'li=4
g,, ——— i — — a/ll=3
805 —ell e alll=2
-3 —_— =i — a'D=1.7%
08 ——n——  eMD=15
= e i a/0=1.2%
=

= I-\.E L] T T T ¥ T

Q. 0.5 1.0 1.5 2.0 2.5 3.0

Mormalized distance from hole edge (1)

Figure 2-9: Tangential residual stress distributionresulting from a 4% uniform expansion under
varying edge distance ratios, figure taken from Ay#ollahi and Nik [25]., (z = distance from holes edg,
r = radius of treated hole)

In a separate study performed by Ball and Lowry} {h® edge distance parameter was
similarly investigated; however, rather than conmgaresidual stress profiles, level of fatigue
life improvement (FLI) was investigated for speems with varying levels of edge distance
ratios. Results of specimen’s static cold expansiith e/D ratios of 1 and 4 were compared.
Fatigue tests showed that specimens with e/D ratjoal to one produced fatigue life
improvement over non treated specimens anywhene &4d-4.2 times, while specimens with

e/D ratios equal to four produced FLIs greater thdtimes.

2.3.2.2 Hole Diameter Effects

Changes in hole diameter have shown little or fecebn the residual stress profile of static
cold expansion specimens of finite width. A stlsgyAmrouche et. al. [4] showed that

changing hole diameter had no effect on the zom®wipressive residual stress, maximum
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achievable residual stress or the size of theipldsformation of finite width specimens treated

with static cold expansion.

2.3.2.3 Plate Thickness Effects

Previous works by Herman and Ozdemir [8] investddhe effects that plate thickness would
have on the residual stress distribution surroupdistatic cold expansion hole. Plate thickness
effects were investigated for two static cold exgpan techniques: split sleeve mandrel and roller
burnishing. It was concluded that for both teclkiegthe maximum level of residual stress
increased and beneficial compressive stressesmargained for a farther distance away from
the holes edge as plate thickness increased. o€higsred because as thickness increased the
resulting material constraint, or region of resistabehind the plastic zone, increased as well.
Consequently, residual stresses produced aftér stdtl expansion became more compressive.
Thickness also affected the location of the elgstastic boundary; as the thickness of the plate
was increased so too was the elastic-plastic baynda

It is important to note that while residual comies stresses were increased for both
static cold expansion techniques, the level ofaase with varying thickness differed for both
techniques. Additionally, the optimum level of axgion varied depending on technique and
thickness. This fact is vital to any investigatmima new cold expansion technique because

optimum level of expansion is likely to vary fromepiously established techniques.

2.3.2.4 Holes Treated with Existing Cracks

For aerospace applications, static cold expandidastener holes can be performed for two
scenarios. The first is for precautionary purpahging the manufacturing stage to prevent the

formation of fatigue cracks. The second scenarfoch would be for maintenance purposes, is
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when fastener holes are treated with preexistiagks emanating from the sides of the hole.
Concerns regarding the treatment of fastener haibspre-existing cracks were raised because
it was not clear if similar levels of residual sseo that of uncracked holes could be generated.
This topic of concern has been investigated in gasties [19, 24].

One particular investigation, performed by Stefanest. al.[24], concluded that
beneficial residual stresses, slightly lower thaat ©f an uncracked holes, can be achieved in
specimens with existing cracks. However, theghsli lower levels of residual stress can only
be achieved up to a certain initial crack lengthwas determined that there exists a critical
crack size above which no beneficial residual casgive stresses can be generated. The
critical crack size, however, is a complex compatatiepending on the material’s fracture
resistance, geometry and the applied level of esipar{24].

In a separate study, performed by Ball and LowB8},[ihe levels of residual stress that
could be achieved in cracked specimens were alsstigated. Similar to the study performed
by Stefanescu et. al. [24], it was concluded thatd existed a critical initial crack size above
which no residual compressive stresses could bheath However, in their report they noted
that critical crack size was dependent on e/D satié-or specimens with small e/D ratios, the
cracks were shown to extend during the cold workiragess, and as a result, little or no
compressive residual stress was developed. Fomsees with larger e/D ratios, holes were

successfully coldworked with pre-cracks up to thigoal crack size.

2.3.3 Effect on Fatigue Life

The ultimate objective of the static cold expandexhnique is the fatigue life improvement it
creates for holes in metal plates. Quantifyinglével of FLI has been the focus of many past

studies which have been performed for two statid egpansion scenarios. The first scenario
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considers the potential FLI of a specimen withilled, reamed and initially uncracked hole.
For this situation, FLI for static cold expanstooles has been consistently shown to be greater
than 3 times that of an untreated hole and oftenevan be greater than 10 [5-8, 27].

The second method of fatigue testing, which is nmekevant to the situation of crack-
stop hole enhancement in bridges, are tests coedlattempting to quantify the fatigue life
improvement of holes drilled at the tips of crackesults from past studies [4,9,26] consistently

displayed FLI above 3 times that of an untreatdd.ho

2.4 THEORY OF UIT

Ultrasonic impact treatment (UIT) is considered ohtéhe most effective methods for improving
the reliability and fatigue strengths of weldecdjsi[28]. The technique was developed in the
late 1960’s and early 1970’s with the purpose ofeasing fatigue life of welds by improving
geometric characteristics and stress states ofsweldiT improves fatigue life of welded joints
through a variety of mechanisms. One of the migsificant mechanisms is the relaxation of
residual stresses through application of ultrasetress waves at the weld surface [29].
Additional mechanisms include severe plastic de&tiom generated at the weld surface,
reduction in micro discontinuities, and grain refiment of weld material. A detailed overview
of the mechanisms and procedures associated vettlth process can be found in Vilhauer et.

al.[29].

2.5 FATIGUE BENEFITS OF GRAIN SIZE REDUCTION

“The resistance of metals and alloys to fatiguekiinitiation and propagation is known to be
significantly influenced by grain size” [30]. Witll other structural variables remaining
constant, the fatigue life of an initially smootirfaice specimen will increase with decreasing
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grain size. One effective method for refining graize in metals is referred to as severe plastic
deformation (SPD). In recent decades, a numb8P&F based processes for surface
nanocrystallization, Esonix UIT, ultrasonic shoepmg, and surface mechanical attrition
treatment, have been commercially introduced ane haceived considerable attention due to
their simplicity and low cost [30]. The key faed for these processes is the impact of the
worked piece surfaces at ultrasonic frequenciestiog material with a surface nanocrystalline
layer and a coarse grain interior [31]. The resaftthese SPD processes have been shown to
improve a material’s tensile strength, microhar@negear resistance, and fatigue strength [30].
The PICK tool, developed at the University of Kasaad introduced in this thesis, will attempt
to generate SPD at ultrasonic frequencies to refiaa size of the material near the inside
surface of the crack-stop holes. The resultimmgoerystalline surface, along with the beneficial
residual stresses induced by cold expansion, esllit in a FLI potentially greater than any

current static cold expansion technique.
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CHAPTER 3 EXPERIMENTAL SET-UP

3.1 FATIGUE SPECIMENS

To investigate the effectiveness of the PICK toathhance fatigue life of undersized drilled
crack-stop holes, an experimental program wasexeaflhe preliminary goal of this research
program was to investigate potential fatigue lifgorovement of uncracked holes treated with
the newly developed PICK tool. If the PICK toofoaind to successfully enhance fatigue life of
initially uncracked holes, the next stage in thpezknental program will be to generate a new
series of specimens, designed to more realistisatylate crack-stop hole scenarios.

This program was funded by the Transportation RbBlend Study, TP5-5 (189), Kansas
DOT, and the KU Transportation Research Institit#.experimental testing was performed at
University of Kansas School of Engineering-thidues Civil Engineering and adaptive

Aerostructures labs.

3.1.1 Specimen Design

The first phase of fatigue specimens were desigmsanulate an American Association of State
Highway and Traffic Officials (AASHTO) Stress Catey B detail. The Category B detail
considered was “base metal at gross section ofstigimgth bolted slip resistant connection...”
Fisher [32]. The AASHTO (2007) connection detaishown in Figure 3-1: . A bolted slip
critical connection prevents any sliding to occetvieen connected plates. The prevention of
sliding allows for the entire load to be transfdrtierough the drilled holes. Therefore, it was
reasonable to classify the fatigue specimens,giesplate with a drilled hole at the center, as

Category B detalil.
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Figure 3-1: AASHTO (2007) Stress Category B detail

Fatigue specimens were classified as AASHTO CajeBatetails so that approximate
fatigue life, at know stress ranges, could be ptedi Estimates of fatigue life, taken from the

AASHTO design curves (Figure 3-2), were useful@tedmining preliminary experimental stress

ranges.
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Figure 3-2: AASHTO Design stress range fatigue cues [34]
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Fatigue life determined in the lab was not expetbedatch exactly with AASHTO
design classifications. AASHTO design curves wireeloped for applications on full scale
bridge members. Initial stress ranges investth&dethis experimental program were selected
based on theoretical fatigue life of an AASHTO @aty B detail.

Fatigue specimens were designed to meet requireroatiined in American Society for
Testing and Material (ASTM) test designation E 466F33]. According to ASTM E 466-07
[33], due to the specialized nature of programslwing notched specimens, there are no
limitations on the design of notched specimensweéi@r, the notch, or hole geometry, must be
reported and information associated with the sttessentrations occurring at the hole must be
reported.

While ASTM E466-07 [33] has no limitations on thesegn of notched fatigue
specimens, previous research has shown edge distatine to a significant effect on the levels of
residual stress that can be induced through cqldresion as well as potential gains in fatigue
life [19,26]. Past studies have shown that specgwath e/D ratios€is the distance from the
center of the hole to the edge of the plate @nsl hole diameter) below 3 can result in
insufficient surrounding material to control thegtic zone created through cold expansion, and
compressive residual stresses fields are redugkdatigue specimens, tested as part of this

research program, were designed with e/D ratiostgréhan 3.

3.1.1.1 3.18mm[0.125in.] Fatigue Specimens

The first batch of fatigue specimens were desigrsiog 50.80 mm x 3.18 mm [2.00 in. x 0.125
in.] Gr. A36 steel plate with a 3.18mm [0.125 idrjlled and reamed hole located at the center of

the specimens. The 3.18mm [0.125 in.] fatiguespens, Figure 3-3 & Figure 3-4, were

26



designed to simulate an AASHTO Category B connadietail in accordance with the specimen

design section outlined ASTM E 466-07.

The width of the plate at the location of the helgual to 31.8 mm [1.25 in.],

corresponds to an e/D ratio of 5. This value bf @ceeds the minimum e/D ratio shown to

potentially affect residual stress fields in presgastudies [19,26]. 3.18mm [0.125 in.] plate was

chosen as this test programs preliminary platkti@iss because with the small corresponding

volume of steel, a low amount of power output wdaddrequired of the PICK tool. Given that

the PICK tool was still at a developmental stagewaer power demand was considered an

appropriate starting place (corresponding to acedwscale).
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Figure 3-4 : 3.18mm [0.125in.] fatigue specimenslricated by Rice Precision Manufacturing, locatedn
Baldwin, KS

The loading device used grips with 25.4 mm [1.QDdrameter pins to secure the
specimens. Specimens were designed with 27.0 n644% in.] holes drilled out of each end.
In addition, two 76.2 mm x 38.1 mm x 9.5 mm [3.00x 1.50 in. x 0.375in.] Gr. A36 steel
plates were welded onto the surface of the 3.18t&®p in.] Gr. A36 steel plate at the location
of the 27.0 mm [1.0625 in.] holes (Figure 3-3)dditional plate thickness was provided to

ensure the loading device would not cause specitoctiesr out of the grips.

3.1.1.2 6.35mm[0.250in.] Fatigue Specimens

The 6.35 mm [0.250 in.] fatigue specimens weregtesi to more closely simulate the thickness
of a web in an actual bridge girder. In additieerification that the PICK tool concept could
work on specimens with increased thickness provadsdirance that the concept could be
extended to future 3D test configurations. Thé&@rn [0.250 in.] specimens were made from

50.8 mm x 6.35 mm [2.00 in. x 0.250 in.] Gr. A36dtplate. A 6.35 mm [0.250 in.] hole was
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drilled and reamed at mid-height (Figure 3-5). Duéhe increase in hole diameter over the
3.18mm [0.125 in.] specimens, the width of theglaas increased to 44.5 mm [1.75 in.] at the
location of the hole to ensure an adequate e/D.ra&iwidth of 44.5 mm [1.75 in.] corresponds
to an e/D ratio of 3.5; greater than the value tbtmeffect levels of residual stress fields and
fatigue life [19,26].

Similar to the 3.18mm [0.125 in.] fatigue specimethe 6.35 mm [0.250 in.] fatigue
specimens were detailed to properly fit in the gigbthe loading device. This was
accomplished by drilling 27.0 mm [1.0625 in.] hofemm each end of the specimens (Figure 3-
5) and welding two 76.2 mm x 50.8 mm x 6.35 mm@3@ x 2.00 in . x 0.250 in.] Gr. A36

steel plates at the locations of the 27.0 mm [15063 holes.
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3.1.2 Specimen Fabrication

All specimens were fabricated at Rice Precision Macturing in Baldwin City, Kansas. To

ensure smooth surfaces on the inside face of thtei@® holes, holes were drilled and reamed to

size. Any additional burs were removed from theek@dges using a chamfering tool.

Once the proper hole diameters were met, dimensvens verified with bore micrometers.
Specimens were received from Rice Precision Manurfisg with mill scale remaining on

the surface. The specimens were sand blasteédBalbtini Impact Beads, Size AD, 70-140 US

Sieve sand. Sand blasting was followed by coatiitig a layer of a workable fixative paint to

help prevent corrosion.

3.2 FATIGUE TESTING METHODS

3.2.1 Test Groups

Specimens of both thicknesses were divided intogmaips, treated and control. Both groups
were tested at equivalent stress ranges. Fatige® dif both groups were evaluated and a

preliminary fatigue life improvement factor wasadsished for the PICK tool.

3.2.2 Stress Ranges

Stress ranges used for this test program werelisstadh both by referencing the AASHTO
fatigue design curves and through experientiaffication [34]. The AASHTO LRFD Bridge
Design Specification (2007) groups details at tesload-induced fatigue cracking into eight
categories: Category A; Category B; Category BteQary C; Category C’; Category D;
Category E; and Category E’ (categories listed flongest to shortest fatigue life). Specific

components and details are assigned to one ofgheaategories, typically through a member
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or components detailed geometry. Further infolomadn how to utilize AASHTO design
curves can be found in works by Barsom and Rol# §hd Fischer [32].

The AASHTO (2007) fatigue design curve (Figure)3v@s used to select stress ranges
corresponding to reasonable design fatigue livea féategory B detail. The five preliminary
stress ranges investigated were: 138 MPa [20.0 164 MPa [24.0 ksi]; 193 MPa [28.0 ksi];

207 MPa [30.0 ksi] and 221 MPa [32.0 ksiFavalues of 0.091, 0.077, 0.067, 0.063 and 0.059,
respectively. Laboratory investigation showed 8tegss ranges from 193-221 MPa [28.0-32.0
ksi] resulted in reasonable fatigue life of conspecimens. A stress range of 221 MPa [32.0 ksi]

was used for the majority of testing to date fa tst program.
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Figure 3-6: AASHTO Design stress range curves for &egories A to E’ [34]

3.2.3 Loading Methods

Load ranges were determined first by measuringtekawensions of each specimen at the
location of the hole. Width, thickness and hokendleter were measured using digital calipers,
dimensions were rounded off in accordance with ASHA66-07 [33]. According to ASTM
E466-07 [33], dimensions equal to or greater th@8 m [0.200 in.] values should be rounded
to the nearest 0.030 mm [0.001 in.] and dimensiessthan 5.08 mm [0.200 in.] rounded to the
nearest 0.0130 mm [0.0005 in.]. Net area could theecalculated at the location of the hole.

The calculated net area was used to solve for proppate load range to match the target stress

range.
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Controlling bending stress, particularly in th&8mm [0.125 in.] thick specimens,
proved to be a challenge. ASTM E 466-07 detagsogedure to verify acceptable alignment of
the test equipment to control levels of bendinthe verification technigue involves installing
fatigue grade strain gages on all four sides afamtrol specimen” with a rectangular cross
section. According to ASTM E 466-07, “The bendstigess (strains) so determined on...the
rectangular cross section specimen should be inddess than 5% of the greater of the range,
maximum or minimum stresses (strains), imposedhduainy test program.”[33]

For this test program, instead of measuring sée$strains) on a “control specimen”
with a rectangular cross section, bending stressmanitored for each individual specimen by
placing strain gages on both sides of the speciraetige location of minimum width (mid-
height (Figure 3-7). Bending stress was monitahedughout the life of each test and kept as
close to or below five percent of the maximum streBending stress was monitored for each
specimen to ensure consistent stress ranges waliedafp each specimen. Bending stress was
calculated using Eq. (3-1):

&6

xE

Jbendi ng =

(3-1)

wheree; ande, represent the maximum and minimum strain measurenodtained from the
strain gages placed on both sides of each spedifgumre 3-7), andE is the modulus of

elasticity measured in tension tests, Section 3.5.
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Figure 3-73.18 mm [0.125 in.] fatigue specimen with strain gges to monitor bending stres

Initial results for bendir stress levels were as high as 137.9 MR[ksi]. Several test
parameters were investigateddetermine the cause of these high bending ssedswas
concluded that two factors were causmuch ofthese unusually high bending stresses.
first wasthe alignment of thtesting equipment grips. As seen in Figw®, 3he grips were
misaligned by approximate.76 mm [0.187 in.]. The load frame was adjusted to elimir
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the misalignment of the gripBroperly aligning the grips of the load framgnificantly reduced
bending stress; however, bending sles remainedglightly higher than thfive percent

suggested limit.

(a) (b)

Figure 3-8 Misalignment of fatigue test equipment (aupper grip, (b) lower grip

It was concluded that treéendernesof the 3.18 mm [0.125 in.] thickpecimens was tf
additional parameter causing high levels of bendings. Even though thfatigue specimens
were loaded in tensioq, thickness 03.18mm [0.125 in.] proved insufficient in preventingtc
of plane bending foa 762 mm [30.00 in unbraced length. hie 6.35 mm [0.250 inthick
fatigue specimens, having the same unbraced lasgte 3.18 mm [0.125 irthick specimens,
did not experienctarge levels of bending stre under the same test conditi. It proved
necessary to develop a bending control systemh®B8118 mm [0.125 in.] thick specime

To reduce bendinsgtresses in the 3.18 mm [0.125 in.] thick specir, an external

apparatus was devisedASTM E 466-07 allows for externally appliedechanisr to be used to
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control bending levels so long as the apparatus dotaffect fatigue life results. The bending
control device developed in this test program csiediof a series of cables, ferrules and
turnbuckles (Figure 3-9). The device could bedusethe test was in progress. If high levels of
bending stress were detected at any point durtegtathe turnbuckles were adjusted to equalize
the stresses seen on both sides of the specintenbénding stress control apparatus proved
successful in limiting bending levels to approxiatatfive percent of the maximum applied

stress.

Figure 3-9: Bending stress control apparatus
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3.2.4 Testing Equipment

3.2.4.1 MTSLoad Frame

The testing machine used for the bulk of the faignd tension testing was a MTS Model No.
204.26 Servo Ram. The servo-controlled actuatdrahd27 mm [5.00 in.] stroke length with a
160 kN [35,000 Ib] force rating, and was suppotigé two column MTS Model No. 312.31
load frame with 222 kN [50 kip] capacity.

The MTS user interface, TestStar, was used to wWrédatigue testing procedures. A
detailed procedure can be found in Appendix A «f tBport. Two different load cells were
used in this experimental program. The load cgdidufor the 3.18 mm [0.125 in.] specimens
was a MTS Model No. 661.20E-02 single bridge fdreesducer; it had a capacity of £50 kN
[£11,000 Ib]. The 6.35 mm [0.250 in.] specimenguieed the application of loads larger 50 kN
[11,000 Ib]. A MTS Model No. 661.22 single bridigece transducer with a capacity equal to

+222 kN [£50,000 Ib] was used for the 6.35 mm [@.25%] specimens.

3.2.4.2 Instron Load Frame

An Instron model 1334 closed-loop servo-hydrawdsting system was used for a small number
of preliminary fatigue tests. Details regarding tiser interface and operation of the Instron

Load Frame can be found in Vilhauer et.al. [29].

3.2.4.3 Baldwin Load Frame

The 3.18 mm [0.125 in.] thick tension specimensanested using a Baldwin 120 test frame.
The test frame used an Intron Model 5500 R 120 BdtHator with a capacity of 534 kN [+120

kip]. The user interface software, Partner, waslue create the tension test program for the
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3.18 mm [0.125 in.] specimens. The tension tegtimogedure used can be found in Appendix B

of this report.

3.2.5 Fatigue Test Parameters
The fatigue test parameters followed those outline@iISTM E 466-07. A summary of the test
parameters and properties of each fatigue speataeie found in Chapter 4 of this report.

Sinusoidal waveforms were used to load the fatgpeximens using both the Intron and
MTS test machines. Procedures written for eastinig machine began by defining maximum
load, minimum load, average load and test frequenSyress amplitudes were monitored at all
times during testing and were kept within the reeghi2% of the desired test force amplitude.

Preliminary control fatigue specimens were testestrass ranges of 138 MPa [20.0 ksi],
164 MPa [24.0 ksi], 193 MPa [28.0 ksi], 207 MPa.[BRsi] and 221 MPa [32.0 ksi]. The
majority of the specimens were tested at 193 MBa&[Rsi] and 221 MPa [32.0 ksi]. While
target stress range was held constant for indiVisipecimens, load inputs varied between
specimens due to minor differences in net sectidhealocation of the holes.

As a measure of simplification, the same minimuresst was used for all specimens,
13.8 MPa [2.00 ksi]. The stress rafiy,representing the relative magnitude of the mimmand
maximum stress in each cycle, varied for the asdddad ranges as a result of the unchanged
minimum stress of 13.8 MPa [2.00 ksi] [12]. ThAHTO LRFD Bridge Design Specification
(2007) considers stress range, not maximum or nuimirgtress, as the controlling factor for
fatigue life.

Testing frequency had a noticeable influence ordivgnstress experienced by the 3.18
mm [0.125 in.] fatigue specimens. A significantrease was seen in bending stress levels as

test frequency was increased. ASTM E 466 -07 sttt fatigue strength is unaffected when
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loaded at frequencies ranging from?18z to 10% Hz. Therefore, a test frequency needed to be
selected that would minimize bending stress ardrfdhe range outlined by ASTM E 466-07.
Initial fatigue testing was performed at a testjfrency of 2 Hz. At this frequency bending stress
was low and easy to maintain (with the use of pasatus discussed in Section 3.2.3). While
uncontrolled bending was not an issue at thisftegtiency, long time periods were required to
complete fatigue tests. Higher frequencies werestigated starting with a test frequency of 10
Hz. The time of the test was significantly rediideowever, bending stresses experienced at
this test frequency were significantly higher anorendifficult to control. It was determined,
through experimental investigation, that a teggdiency of 3 Hz, given the experimental setup,
was the highest frequency that could be used tataiailow bending stresses.

At the onset of each new fatigue test, bendingstveas measured and, if necessary,
lowered to approximately five percent of the maxmmapplied stress. Once acceptable initial
levels of bending stress were achieved, bendirgsivas closely monitored and recorded twice

a day to ensure a consistent stress range appliee fatigue specimens throughout the test.

3.3 FATIGUE TESTINSTRUMENTATION

3.3.1 Strain Gages

Precision strain gages were used to measure besulegs present in the fatigue specimens.
The strain gages were manufactured by Vishay Mideassurements having designation WK-
06-250BG-350. The strain gage was comprised of &rdcapsulated K-alloy gages with high-
endurance lead wires. WK- series strain gages saeeted because of their high fatigue life,
compact size and wide range of operating tempearsiturhe gages had a grid resistance of+350

0.3% ohms and a gage factor equal to 2.03 £ 1.0B& gage length and geometry were of
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designation 250BG. A detailed data sheet of tt@BE5strain gage can be found in Appendix C

of this report.

3.3.2 Strain Gage Installation
All strain gage installation procedures, includsugface preparation, strain gage application,
wire preparation, and wire soldering were performsithg Vishay Micro-Measurement

Technical notes [35-37]. An installed strain gagshown in Figure 3-10.

Figure 3-10: Installed strain gage
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3.3.3 Data Acquisition

3.3.3.1 WaveBook Data Acquisition System

Three data acquisition systems were used in tlperaxental program. The first was an lotech
WaveBook/516 16 bit, 1 MHz, data acquisition systéigure 3-11. The Wavebook/516 was a
user friendly acquisition system due to its mopiéind easy to use PC based software,
WaveView. The acquisition system had the abibtgimultaneously record up to 24 channels
of strain input. A piece of plywood supported Esssof quick-connect terminals to allow for

simple and quick connection between the strain gage the data acquisition system.

Figure 3-11: WaveBook data acquisition system tesbnfiguration

The scope window of WaveView was utilized to alsestrain, load, and displacement
readings immediately after the data collection t@ahpleted. It was convenient to use this

feature to monitor bending stress. If bendingsstteecame large, data would be immediately
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available after the predefined reading time hadl@m@mpleted and the bending control
apparatus could be adjusted accordingly.

The WaveBook had the ability to work with full, ehalf and one-quarter wheatstone
bridges. For the fatigue testing portion of {iegram, one-quarter wheatstone bridges were
utilized. The quarter bridges had three Q56terior resistors and excitation voltages of 10 V
Before recording data with WaveBook, shunt calibreg were performed to calibrate the gages.
Calibration was performed using internal shuntstasices of 34.65® supplied by the
WaveBook. The calibration used a gage correctotof of 2.03. This value for gage

correction was supplied by Vishay Micro-Measurerag88].

3.3.3.2 EBRT Data Acquisition

The second data acquisition system used for thigptegram was the EBRT 2432 (Figure 3-12).
The EBRT acquisition system is a small lightweigygtem with the capability of simultaneously
sampling at 100,000 Hz per channel with 32 chanofelsput. The EBRT 2432 connected to

the computer using a standard TCP/IP protocol foedvEthernet communications.
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-2633.06

Figure 3-12: EBRT 2432 data acquisition system tesbnfiguration

The EBRT 2432 provided a number of verificatiortimels to confirm the accuracy of
laboratory measurements. One example is the eguipwerification (VCAL) in which a
voltage signal is sent to the front of the inpudrchels to verify accurate gains. In addition to
verifying the accuracy of recorded data, the EBRSteam allowed for real time data to be
viewed in multiple graph formats. This feature m#de EBRT extremely efficient in
monitoring bending levels in the axial fatigue spems.

The EBRT system was capable of being connectachtomber of different sources,

however, the only sources necessary for testirlgisnreport were a 9-Pin D-Sub Connector to
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BNC, used with voltage sources, and a 9-Pin D-Saitn€ctor to quarter bridge sensors. For
each device, a specialty connection was built toved the signal so that the EBRT system was
able to properly recognize the component. Detaitgcerning how to properly construct the
converters can be found in the Technical ManuatHerEBRT 2432. The EBRT system was
not used for a large number of fatigue tests. rElason for its limited use was the ability of the
EBRT to sample data at such high frequencies, 498000 Hz. The use of the EBRT was
better served for test configurations requiringhleigsampling frequencies than required for the

fatigue tests.

3.3.3.3 National Instruments Data Acquisition

The third data acquisition system used for thispesgram was a National Instruments model NI
9219, 4-Channel, 24-Bit, Universal Analog Input Mbs(Figure 3-13). The NI 9219 had four

6-terminal spring-terminal connectors.
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Figure 3-13: NI 9219, 4-Channel, 24-Bit, Universainalog Input Module [39]
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The use of more than four channels was often requuring testing. As a result, many test
configurations involved docking multiple NI 9219 thdes into a model NI cDAQ-9172 chassis
(Figure 3-14). The NI cDAQ-9172 chassis providagheslots for any C Series 1/0O modules.

The chassis was capable of reading a broad rangjgite#l and analog inputs using a high-speed

USB 2.0 interface.

Figure 3-14: National Instruments Data AcquisitionSystem Test Configuration

The test program for the NI 9219 data acquisitigstesm was written in National
Instruments LabVIEW 8.6. LabVIEW, short for Labtngy Virtual Instrument Engineering
Workbench, is an interactive program developmedtexecution system. It is user friendly
software allowing the user to create programs depattworking with a variety of instrument
functions. A number of sample LabVIEW programs @@vided with the LabVIEW software,

providing a convenient starting point for first-enhabVIEW users. Once a test program was
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written in LabVIEW it could be saved and used oy eomputer with a compatible version of
LabVIEW. The data acquisition setup, shown in Fég8r14, was convenient for lab testing due

to the portable nature of the hardware.

3.3.3.4 Recorded Data

Two sets of data were recorded throughout theofiiltae fatigue specimens. The first set of data,
collected through the three various data acqurssigstems, monitored and recorded levels of
bending stress (strain). Bending stress levelg walculated using Eq. (3-1). In addition to
recording bending stress (strain) from the actages, readings were taken from a “dummy
gage” that was mounted to a stationary specimemsare electronic noise was not affecting
results.

The second set of data, recorded throughout thegidarof the test, was axial displacement
and axial force collected with the MTS controlledata acquisition system. The load data was
carefully analyzed for each tested specimens tibywhiat the load output stayed within2% of

the load range command.

3.4 FATIGUE CRACK DETECTION

Test termination, as defined by ASTM E466-07 [3B4tes that a fatigue test shall be continued
“...until the specimen failure criteria is attainedaopredetermined number of cycles has been
applied to the specimen. Failure may be definetbaplete separation, as a visible crack at a
specified magnification, as a crack of certain dismens, or by some other criterion...” For this
test program, a specimen was considered “failed®rdncrack of any size was detected using a
dye penetrant crack detection system. A simyar genetrant crack detection scheme was used

by Villhauer et. al. [29].
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The dye penetrant crack detection system was asthiki test program in place of
continuous monitoring for crack initiation. Theedgenetrant crack detection system involved
the use of the limit detector function in the MT@&t®n Manager software. As shown in Figure
3-15, the runtime user interface of the Station &gar program allowed for maximum and
minimum axial forces and axial displacements tonoaitored and continuously updated
throughout the life of the test. As the test wapriogress, upper and lower bounds of axial
displacement and axial force remained fairly camstdt was therefore possible to set limit
detectors (Figure 3-16) to values just above theimam axial displacement so that the test
program would interlock (terminate), once a preutdi maximum displacement was exceeded.
The limit detectors allowed for any sudden incraas#isplacement between the cross heads to
result in immediate pausing of the test. Typic#ly maximum axial displacement detector was
set to approximately 0.127 mm [0.005 in.] aboverttaximum axial displacement reading in the
runtime user interface. If at any point during test the upper limit detector was triggered the
specimen was removed and checked for cracks ugmg@ehetrant. This method proved
effective in detecting cracks in early stages dfation. Cracks were typically detected before

they became longer than 2.54 mm [0.10 in.].
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3.5 TENSILE TESTING

Establishing material properties of the plate usecbnstruct the fatigue specimens, Section 3.1,

was necessary for two reasons: (1) FEM materiahidieh and (2) bending stress calculations.

Tensile testing was performed on two plate thickees3.18 mm [0.125 in.] and 6.35 mm [0.250

in.]. All tension testing was performed in accorda with ASTM E8-04 Standard Methods for

Tension Testing of Metallic Materials [40]. Thigcluded specimen design, illustrated in Figure

3-17 and Figure 3-18, which followed ASTM E8-04teria for standard rectangular specimens.

Loading rates outlined in ASTM E8-04[40] were clgdellowed for all specimens. A

detailed summary of testing procedures used fazisygns of both thicknesses can be found in

Appendix B of this report.

19.1 mm ]:

[0.750in ]

277.8 mm

[10.9375 in ]

57.2 mm 1016mm
’,[225”1]4‘ [4.00in]

127mm }
[0.500in.]
R=127mm

[0.500in]

Figure 3-17: 3.18 mm [0.125 in.] Standard tensiormpgcimens

T

|

3.18 mm
[0.125in)]
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457.2 mm
[18.00in.]

e 103.2mm 228.6mm 6.35 mm
[4.0625in.]j [9.00in.] 4‘ ’&[0.250 in.]
; ¢

50.8 mm 38.1 mm |:|

[2.00in.] [1.50in.]
: | \—
R=127mm
[0.500in.]

Figure 3-18: 6.35 mm [0.250 in.] Standard tensiompgcimens

Data for applied force was collected through vadtagtputs from the load cell. Strain
data was measured using two devices: an Epsiloreh35d2-0200-050-ST axial extensometer
and strain gages (Section 3.3.1) applied to bakbssof the tension specimens. The axial
extensometer had a gage length of 50 mm [2.0@ind]the capability of recording strain
anywhere from -10% to +50%. The extensometer th&STM requirements for accuracy
making it satisfactory for use in standard meta#iesion testing as outlined by ASTM E8-04.
Strain gages were used to confirm the readingseoéktensometer up to the point of yielding.
Upon onset of yielding, the strain gages would kietd lose their resistance. Final test
configurations are shown in Figure 3-19 and Fig4&9. Tabular results of the tension tests can
be found in Chapter 4 and detailed stress straigrdims for each test can be found in

APPENDIX B.
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Figure 3-19: Tension test configuration 3.18 mm [@250 in.] thick specimens

Figure 3-20: Tension test configuration 6.35 mm [@50 in.] thick specimens

51



CHAPTER 4 EXPERIMENTAL RESULTS

4.1 FATIGUE SPECIMENS

The following section summarizes the results offttigue tests performed on 3.18 mm [0.125
in.] thick axially loaded specimens both with anithaut PICK tool treatment. As mentioned in
Section 3.4, failure was defined as the visuald&te of a flaw of any size, typically detected
using the limit detector function on the MTS usderface, TestStar, then verified with dye

penetrant.

4.1.1 Fatigue Life of Control Fatigue Specimens

As discussed in Section 3.2.2, several initialsstranges were investigated to determine an
appropriate test stress range. The target stneges investigated were: 138 MPa [20.0 ksi]; 164
MPa [24.0 ksi]; 193 MPa [28.0 ksi]; and 221 MPa.[Bksi]. Results from the preliminary stress
range tests are shown in Figure 4-1and Table A-final stress range of 221 MPa [32.0 ksi] was
selected and used for comparison against the Pi&etd specimens due to the level
consistency achieved (a standard deviation of Z6¢¥4les) and relatively short fatigue lives
(average life 194,000 cycles) of the control specimtested at 221 MPa [32.0 ksi]. Photographs
and initial flaw sizes of the failed fatigue speeims can be found in APPENDIX D of this

report.
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4.1.2 Fatigue Life of Pick Treated Specimens

The goal of this test program was only to deterntiveefatigue life of the PICK treated

specimens. A separate detailed report of the R&©Kprocedure and components will be

prepared and discussed at a later date. Thistrefibbe completed by a member the Fatigue

and Fracture research group at the University ofdda. The fatigue results of the PICK treated

specimens, tested at a stress range of 221 MR&aK8R, compared to the fatigue specimens

tested at 221 MPa [32.0 ksi] are shown in FiguBahd Table 4-2.
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Figure 4-2: Comparison of results from control speitnens and PICK treated specimens for 3.18 mm [0.125.]

thick fatigue specimens plotted on AASHTO Design stss range curves for Categories A to E’
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The results shown in Figure 4-2 illustrate thaatment with the PICK tool enhanced
fatigue life of untreated specimens. Treated spens, PICK 3 and PICK 4, each had a fatigue
life improvement of approximately four times thatloe untreated specimens. PICK 6 displayed
a slightly smaller fatigue life improvement of ordyound two times that of untreated specimens.
However, during treatment of PICK 6, the piezoeledarystals on the PICK tool cracked and
the ultrasonic impact treatment was stopped. # mgothesized that the lack of full ultrasonic

treatment could have caused the lower levels ajuatlife improvement for specimen PICK 6.

4.1.3 Bending Stress

Bending stress was recorded and monitored twicgydat each of the 3.18 mm [0.125 in.] thick
fatigue specimens. Bending stress levels weretkegs close to or below 5 percent of the
maximum applied stress. The modulus of elasti@fy,,031 MPa [30,028 ksi], used to calculate
levels of bending from Eqg. (3-1) , was determineuif the 3.18 mm [0.125 in.] thick tension
specimen results, Section 4.2.3. Table 4-3 costaicomplete set of all 3.18 mm [0.125 in.]

fatigue specimens and their corresponding bendnegs
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4.2 TENSILE TESTING

In total, 10 tension specimens were failed for tag program. Five specimens with a 3.18 mm
[0.125 in.] thickness and five with a 6.35 mm [@26.] thickness were tested. Detailed
dimensions of the tension specimens are discuss8ddtion 3.5. Of the five 3.18 mm [0.125
in.] thick specimens, one set of data had to beadiked due to excessive slip in the grips of the
Baldwin test frame. All of the 6.35 mm [0.250 im¢re successfully tested. A summary of the

yield strength, modulus of elasticity and ultimsgasile strength are shown in Table 4-4 and

Table 4-5.
Specimen  Modulus of Hasticity Yield Strength Tensile Strength
ksi MPa ksi MPa ksi MPa
0.125 AT1 30,595 210,943 48.9 337.2 55.2 380.6
0.125_AT3 30,314 209,006 44.8 308.9 55.8 384.7
0.125 AT4 30,118 207,655 46.1 317.8 55.0 379.2
0.125 AT5 29,083 200,519 45.3 312.3 55.4 382.0
Average 30,028 207,031 46.3 319.1 55.4 381.6

Table 4-4: Summary of results for 3.18 mm [0.125 ihtension specimens

Specimen Modulus of Hasticity Yield Strength Tensile Strength
ksi MPa ksi MPa ksi MPa
0.25 AT1 28,348 195,449 48.0 330.9 71.6 493.7
0.25 AT2 29,285 201,910 48.2 332.3 71.6 493.9
0.25 AT3 29,293 201,965 49.0 337.8 72.2 497.7
0.25 AT4 28,353 195,484 48.9 337.2 71.7 494.0
0.25 AT5 28,571 196,990 48.8 336.5 72.0 496.6
Awverage 28,770 198,359 48.6 334.9 72.0 495.0

Table 4-5: Summary of results for 6.35 mm [0.250 ihtension specimens
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4.2.1 Yield Strength

In accordance with section 7.7.3 of ASTM specifmatE8, the autographic diagram method
was used to determine values of yield strengthe autographic method defines yield strength as
the stress corresponding to the maximum forceeabttset of discontinuous yielding. Figure 4-3
shows the process by which the autographic metrasdused to calculate yield strength for each
tension specimen. The autographic method was olmss the offset method because of the
discontinuous yielding displayed in the resultshef tension tests. A detailed discussion
regarding the differences between the autograptdoéfset method can be found in Vilhauer,

B. [29]. The average yield strengths for the 3.18 [@.125 in.] and 6.35 mm [0.250 in] tension
specimens were 319.1 MPa [46.3 ksi] and 334.9 MB&|ksi] respectively. This meant the
average yield strength for both plate thicknessas gveater than the minimum yield strength of
248 MPa [36.0 ksi] required for Gr. A36 steel. dnwplete set of partial stress-strain diagrams,
illustrating the autographic diagram method, fachetensile specimen can be found in Appendix

B of this report.
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4.2.2 Ultimate Tensile Strength

In accordance with section 7.10 of ASTM specifioatE8, ultimate tensile strength was found
by dividing the maximum force measured by the loaldiby the initial cross sectional area of
the tensile specimen. As shown in Figure 4-4ullimate tensile strength could also be found
by taking the apex of the complete stress-straimesu The average tensile strength for the 3.18
mm [0.125 in.] plate was equal to 381.6 MPa [55%#. kKVhile this value of ultimate tensile
strength was lower than the minimum tensile stied@0 MPa [58.0 ksi] required for Gr. A36
steel, for the purposes of this study, the lowduneaf ultimate tensile strength was not of any
concern. The average ultimate tensile strengtithi®6.35 mm [0.250 in.] plate was equal to
495 MPa [72.0 ksi]. This value far exceeded theimum tensile strength required for Gr. A36
steel. Complete stress-strain diagrams for allidengsts, used to determine ultimate tensile

strength, can be found in APPENDIX B of this report
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4.2.3 Modulus of Elasticity

The modulus of elasticity of each specimen wasrdeted from the linear region of the stress-
strain diagrams. As mentioned in Section 3.5, irgmdfrom strain gages, applied to both sides
of the tension specimens, were used to determirtilue of elasticity. Once data from the
strain gage readings had been input into MicrdSefel, the linear regression feature was used
to determine the corresponding modulus of elagticlthe average value for slope of the two
sets of strain gage data was taken as the modiuklasticity of the specimen. Figure 4-5
illustrates the process by which modulus of elégtizas determined from readings of the two
strain gages. The average moduli for the 3.18 aPp in.] and 6.35 mm [0.250 in] tension
specimens were 207,031 MPa [30,028 ksi] and 198\8B8 [28,770 ksi] respectively. The
average modulus of elasticity for both plate thesses were close to the expected Modulus of
Elasticity of steel, 200,000 MPa (29,000 ksi). ifdadtress-strain plots, similar to Figure 4-5, are

shown for all specimens in APPENDIX B.
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CHAPTER 5 FINITE ELEMENT ANALYSIS

The finite element analysis (FEA) portion of theport included five groups of finite element
models (FEMs). The purpose of these FEMs was teneixconcepts of current static cold
expansion techniques, commonly used on aerospaegiats (primarily aluminum), to materials
frequently used in bridge construction (in thisecateel). The goal of the first group of FEMs
was to verify that beneficial residual compresstresses could be induced in mild grade steel.
This group of FEMs will be referred to as the “2Bifarm expansion (UE) models.” The plate
dimensions used for the 2D UE models were the seke 3.18 mm [0.125 in.] thick fatigue
specimens discussed in Section 3.1.1.1. The sesmiraf models expanded upon the 2D UE
models by including the fatigue specimens’ thicleneshe final three sets of FEMs investigated
the affects of varying geometric parameters, shmnfluence levels of beneficial residual
stress in aerospace materials, on residual seeskslin mild steel. The parameters investigated
were edge distance ratio, hole diameter, and phatkness. These models will be referred to as

“edge distance models,” “hole diameter models” ‘gidte thickness models” respectively.

5.1 MODEL PARAMETERS

All FEMs were created in ABAQUS/CEA software Versi®.8.2.and solved for in
ABAQUS/Standard software. The five groups of medeére generated to provide numeric
solutions to the goals listed above. The followsegtions provide a detailed overview of the

model parameters specific to each group.

5.1.1 2D and 3D Uniform Expansion Model Parameters

A significant body of literature exists in whichmarical simulation studies were performed

with the intent of comparing uniform levels of ergan with existing cold expansion
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techniques [5-10, 18, 20-23]. The majority of #hetudies compared the results from uniform
expansion to a simulated process of split sleevednehcold expansion in aluminum plates.
Results of uniform expansion models were compareld split sleeve mandrel technique
because it is the most effective and widely acakfgehnique intended for aerospace
applications [6]. For this project, a similar aytedal approach will be taken to compare uniform
expansion (UE) of mild steel with expansion gereztatsing the PICK tool technique. The
following section is an overview of the UE models results of which will later be compared to
those of FEMs simulating the PICK tool technique.

The aluminum alloy modeled in this study was 2034Alclad. The material properties
were referenced from a FEA investigation perforrogdie Matos, P.F.P. et al. [22]. The mild
steel alloy used in this study was a Gr. A36 st@ele-stress true-strain material properties for
the Gr. A36 steel, used in all FEMs simulationsnedrom tensile tests performed as part of this
study, described in Section 4.2. True-stresssttgn properties have been presented in
APPENDIX B of this report.

Basic material properties used for the FEMs aosvshin Table 5-1. Hardening
behavior, shown in Figure 5-1 and Figure 5-2, wasl@ed using data from experimental tensile
testing (mild steel) and properties found in pastdture (aluminum). In addition, hardening
behavior for both the aluminum and mild steel matemwas defined as isotropic. The
assumption of isotropic hardening was consistetit miodel parameters in the analytical
investigation performed by de Matos et. al. [22)¢hile isotropic hardening behavior was
assumed for all FEMs in this investigation, exteasesearch has shown beneficial residual
stresses to be slightly lower when assuming kinenhatrdening behavior in place of isotropic

[17 , 20-21]. Since modeling cold expansion indsleel was at a preliminary stage, isotropic
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hardening was considered an appropriate assungtioa modeling with isotropic hardening is
simpler and more expedient. The hardening beha¥ionild-steel, as shown in Figure 5-2, was

used in all subsequent FEMs comprised of this n@dter

Material Modulus of Elasticity Yield Strength Tensile Strength Poisson's Ratio
ksi MPa ksi MPa ksi MPa
2024-T3 Alclad Aluminum 11,200 77,220 45.2 312 63.8 440 350.
Gr. A36 Steel 30,028 207,301 46.3 319 67.2 463 0.30

Table 5-1: Basic material properties used in FEM
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Figure 5-1: Stress-strain plot for for 2024-T3 Alchd Aluminum, de Matos et. al. [22]
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Figure 5-2: Stress-strain plot for Gr. A36 Steel, &ction 4.2

The first set of UE models constructed were 2D iantlided 2024-T3 Alclad Aluminum
material properties and hardening behavior. Tbdets were created with the same outside
plate dimensions as the 3.18 mm [0.125 in.] fatigpecimens, as presented in Section 3.1.1.1.
The 2D UE aluminum models were developed firststd mmodeling parameters, such as mesh
size and type, could be adjusted until resultsetyosratched those of previously accepted FEM
investigations [22] that were performed for 2024 A18lad Aluminum. Therefore, the 2D UE

Models were primarily intended to validate modeliaghniques being employed in this study.
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To generate uniform expansion in the 2D alumimadels, a radial displacement was
applied to the edge of the hole, expanding the madigast the point of yielding. To generate a
radial displacement, a cylindrical coordinate systeas first created in ABAQUS. An
“expansion” step was then created which includdéplacement/rotation boundary condition.
The boundary condition used the cylindrical cooatinsystem to generate the appropriate
outward displacement in the radial direction. Am® step, called the “relaxation” step, was
then created to inactivate the boundary conditiat gienerated uniform expansion in the radial
direction. Upon the relaxation of this UE, benidicesidual stresses were generated in each of
the three principal axes. The UE for all sets®BMs was defined as:

- (5-1)
i=22=D 1000
D

whereD,is the initial diameter of the hole aidis the expanded hole diameter. UE levels=of
3%, 4%, 5% and 6% were investigated for all unif@expansion FEMs. These levels of
expansion were chosen to capture the range ofroti levels” of expansion shown to
maximize fatigue life improvement for current celxbansion techniques [8, 22, 27].

Many of the parameters of the 2D aluminum modelsewensistent with the analytical
study performed by de Matos, P.F.P. et. al. [ZXje similarities included the following general
assumptions: (1) non-linear geometric effects atetkpansion and relaxation steps (2) a direct
method of solution defined in the equation solvet €8) as mentioned previously, isotropic
hardening behavior of all materials past the pofnjielding. The main differences in the
analysis performed de Matos, P.F.P. et. al. [28]thrs investigation were the outside plate

dimensions and the mesh configuration surroundiedJE hole.
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Once material properties had been properly defitrednext step in the modeling
procedure was to generate an appropriate meshgooation for the aluminum 2D UE model.
The default element shape, hexahedral elementsyseasfor the aluminum 2D UE models and
later used for all FEMs of this analytical studfhe hexahedral elements provided efficient and
symmetric mesh configurations which allowed forhgatio be easily cut through models during
data extraction. Fine mesh sizes (small elemeves? used at areas of high stress
concentrations, in this case, the areas directiyrat the edges of the hole, and the mesh was
gradually made coarser (larger elements) movingéaraway from the hole. A parametric
study was performed to determine optimum mesh eizthe size in which no further reduction
in mesh size would significantly affect levels esidual stress. Three mesh sizes were
investigated for the region directly surrounding tiole; these mesh sizes included 0.254 mm
[0.010 in.], 0.227 mm [0.005 in]. and 0.0635 mnO[®5 in.]. Results from this parametric

study are shown in Figure 5-3.
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-#-Mesh =0.127 mm [0.005 in.]
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Figure 5-3: Resulting tangential stress (at 8 perce UE) field from parametric study determining optimum

mesh size directly surround hole in 2D aluminum urform expansion FEM
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As illustrated in Figure 5-3, all investigated mestes (0.254 mm [0.01 in.], 0.127 mm
[0.005 in.] and 0.0635 mm [0.0025 in.]) resultecsimilar residual tangential stress fields. The
only difference was the 0.254 mm [0.01 in.] megte $iad a slightly lower peak compressive
stress. The 0.0635 mm [0.0025 in.] mesh size agedealmost exactly with the mesh size of
0.127 mm [0.005 in.]. To decrease model runtimovit sacrificing accuracy of results, a mesh
size of 0.127 mm [0.005 in] was used for the atgeosinding the hole of all the 2D aluminum
UE models. The same mesh size was used for thraikDsteel UE models.

To develop a coarser mesh moving away from the Wwbkre numerical accuracy was
not as critical, the model was partitioned into Benasections. The 2D aluminum UE model
partition configuration, shown in Figure 5-4, wavdloped so that fine mesh sizes existed
around the UE hole. The final mesh configuratedlmwn in Figure 5-5, used for the 2D

aluminum UE models, was also used for the 2D nmiddldJE models.
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Dimension:152.4 mm [6.00 in.]
Mesh Size: 7.62 mm [0.300 in.]

A 4

A

Dimension:152.4 mm [6.00 in.]
Mesh Size: 7.62 mm [0.300 in.]

Dimension:762 mm [30.00 in.]

Dimension:63.5 mm [2.50 in.] Mesh Size: Varies

Mesh Size: 1.27 mm [0.05 in.]

»
V|‘

I 4
Dimension:12.7 mm [0.500 in.] ——
Mesh Size: 0.127 mm [0.005 in.]

P

Figure 5-4: Partitioned 2D aluminum UE model, incluing partition dimensions and mesh size (symmetric)
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Figure 5-5 Final mesh configuration of aluminum andsteel 2D UE models, mesh size 0.127 mm [0.005 in.]
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Once the results of the 2D aluminum UE models watrlated through comparison with
previous investigations and general behavior wadirroed for Gr. A36 steel in the 2D models,
the next step was to create a set of 3D modelyznglthe change in residual stress through the
thickness of the fatigue specimens under UE. &hgedevels of expansion were used in the 3D
models as simulated in the 2D models. The 3D nsodelte constructed with the same outside
dimensions and thickness as the 3.18 mm [0.12%hick mild steel fatigue specimens,
described in Section 3.1.1.1. The 3D UE modelkded the 26.99 mm [1.063 in.] diameter
steel pins at the ends of the specimens, simildradoading configuration of the MTS Load
Frame Section 3.2.4.1. The pins, which were mabeiéh typical steel to steel contact surfaces,
were included so that future investigations coualuklat the effects of loading the specimen.

The 3D mild steel UE models were created underymothe same assumptions used in
the 2D aluminum and mild steel UE models. In faitassumptions for material properties,
hardening behavior, mesh type, and solution teclewgere identical for the 3D mild steel UE
models as for the 2D aluminum and mild steel UE et&d

The difference in the 3D UE models versus the Dribdels was in the mesize used
for the area surrounding the hole. Similar to2BeUE models, a parametric study was
performed to optimize mesh size of the regionsigh Istress concentration directly surrounding
the UE hole. As shown in Figure 5-6, reductiomafsh size in the regions surrounding the UE
hole did not have a significant effect on levelsasfgential residual compressive stress. Due to
minute effects of changing mesh size, a mesh $i@e€2632 mm [0.008 in.] was used for all 3D
uniform expansion models, compared to a 0.127 m@0®in.] mesh used for all 2D UE

models.
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Figure 5-6: Tangential stress field (at mid-thicknes and 6 percent UE) from parametric study determimg optimum
mesh size directly surround hole in 3D mild steel B FEM

The final parameter investigated in creating then3ldl steel UE models was whether a
circular partition (Figure 5-9 and Figure 5-10)rsunding the hole, as assumed in many past
FEAs, rather than the rectangular partition (Figav2and Figure 5-8) assumed in this
investigation, would affect levels of tangentiadicial stress. To determine whether partition
geometry had an effect on levels of residual streesgparate partitioning scheme, shown in
Figure 5-9, was created using a circular partiforrounding the cold expanded hole. Results
from the two partitioning schemes are shown in f@da+11. As shown in Figure 5-11,
partitioning geometry had little to no effect ongential residual stress, therefore the original
partitioning scheme, shown in Figure 5-7, usedHherparametric study optimizing mesh size,

was selected.
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Dimension:215.9 mm [6.00 in.
Mesh Size: 6.35mm [0.25 in.|

Dimension:215.9 mm [8.50 in.]
Mesh Size: 2.54mm [0.100 in.]

Dimension:7.62 mm [0.300 in.]
Mesh Size: 0.254mm [0.0100 in.]

A 4

Dimension:5.08 mm [0.200 in.]/
Mesh Size: 0.2032mm [0.008 in.]

Cover Plate: 76.2 mm [3.00 in.] x 38.1 mm
[1.50in.] x 9.53 mm [0.375in.]
Mesh Size: 7.62 mm [0.300 in.]

Pin: ¢ =27.0 mm [1.0625 in.] x 22.23 mm

[0.875in.]
Mesh Size: 3.81 mm [0.150 in.]

Dimension:762 mm [30.00 in.]

Mesh Size: Varies

Figure 5-7: Partitioned 3D mild steel UE model withrectangular partition surrounding UE hole,

including )
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Figure 5-8 Final meshed 3D mild steel UE model, close up at d-thickness and at cover plat



Dimension:215.9 mm [6.00 in.]
Mesh Size: 6.35mm [0.25 in.]

Dimension:215.9 mm [8.50 in.]
Mesh Size: 2.54 mm [0.100 in.]

. . . Mesh Size: Varies
Dimension:12.7 mm [0.500 in.]

Mesh Size: 0.254mm [0.01 in.] —}

| |‘

Dimension:p =9.53 mm [0.375 in.]
Mesh Size: 0.152mm [0.006 in.]

Cover Plate: 76.2 mm [3.00 in.] x
38.1 mm [1.50 in.] X 9.53 mm
[0.375in.]

Mesh Size: 7.62 mm [0.300 in.]

Pin: ¢ =27.0 mm [1.0625 in.] x
22.23 mm [0.875in.]
Mesh Size: 3.81 mm [0.150 in.]

Figure 5-9: Partitioned 3D mild steel UE model withcircular partition surrounding UE hole,
including

Dimension:762 mm [30.00 in.]
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Figure 5-11 Comparison of tangential stress fielchi 3D uniform expansion models with circular and
rectangular partitioning schemes

5.1.2 Edge Distance Model Parameters

Fatigue cracks can initiate at a variety of loaagialong the depth of a bridge girder. As the
location of the fatigue crack changes, so too doesocation of the drilled crack-stop hole. As
the location of the crack-stop hole moves closéhéoedge of a girder, achievable levels of
beneficial residual stresses become a concermatarials commonly used for aircraft
structures, as cold expanded holes move closeplatels edge, a decrease in residual stress
level is observed. This decrease is due to arffiosnt amount of material (between the hole

and the edge of the plate) to constrain the plsfideformed region surrounding the hole, not
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allowing for proper “springback” of the elasticatigformed region to occur. For a detailed
discussion on this topic, see Section 2.3.2.1.

For this reason, effects of edge distance ratifinele ase/D, e being the distance
between the center of the hole and the free edag) as the diameter of the hole, were
investigated for Gr. A36 steel. Edge distanceosa#/D, investigated for this FEA were: 1.00;
1.25; 1.50; 1.75; 2.00; 2.50; 3.00; 5.00; 10.00 20M0. Each edge distance ratio was examined
at degrees of expansioniof 3%, 4%, 5% and 6%.

The edge distance ratio models were constructtdtive geometry shown in Figure 5-
12. The hole diameter, 3.18 mm [0.125 in.]; owggithte dimensions, 457.2 mm [18.00 in.] x
457.2 mm [18.00 in.]; and plate thickness, 3.18 jarh25 in.]; remained consistent for each
value of edge distance ratio. A plate thicknes3.88 mm [0.125 in.] was used to reduce the
total number of elements and degrees of freedotineofnodel, producing shorter model run
times. The outside plate dimensions were chosemtolate a semi-infinite edge distance ratio
on the edge opposite the side of the plate in wadde distance ratios were being investigated.
Edge distance ratios were adjusted by varying imegisione, shown in Figure 5-12.

A similar mesh configuration, including mesh sipel &lement type, as optimized for the
3D uniform expansion models, Figure 5-7 and Fidu4B8; was used for the region of high stress
concentration surrounding the expanded hole. &l fimesh configuration for a typical edge

distance ratio model is shown in Figure 5-13.

83



457.2 mm
[18.00 in.]

Plate
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@6.35 mm
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Figure 5-12 Geometric details of holes and edge thsice dimensions for edge distance ratio FEMs
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Figure 5-13: Final mesh configuration for typical elge distance ratio FEM (showng/D
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5.1.3 Hole Diameter Model Parameters

Changes in hole diameter have shown little or feceébn the residual stress profile of static
cold expansion specimens of finite width. A FBEAdy by Amrouche, A. et. al. [26] showed
that changing hole diameter had no effect on time zd compressive residual stress, maximum
achievable residual stress, or the size of theipldsformation in aluminum finite width
specimens treated with static cold expansionhénstudy by Amrouche, A. et. al. [26] hole
diameters equal to 4.00 mm [0.157 in.], 6.00 mr236.in.] and 8.00 mm [0.315 in.] were
investigated. The hole diameters investigatetiimreport are as follows: 3.18 mm [0.125 in.];
6.35 mm [0.250 in.] and 9.53 mm [0.375 in.].

The outside plate dimensions and plate thickness wept the same to for all hole
diameter models. The plate dimensions, 457.2 n810(Lin.] x 457.2 mm [18.00 in.] x 3.18 mm
[0.125 in.], were chosen so that edge distance dadi not effects results for the varying
diameter holes. The partition arrangement and roesfiguration used for the hole diameter
models was similar to that of the edge distande mbdels. A final mesh configuration for one

of the hole diameter models is shown in Figure 5-14

85



LOAV.50 S Sv S S VA
R
Bt o
2

Ay

I

By
Sy o o
..II\.Q.N“I!II“

L

777

[/

v

9.35 mm [0.375 in.])

14: Final mesh configuration for typical fole diameter model (showrp =

Figure 5

5.1.4 Plate Thickness Model Parameters

For aircraft material, plate thickness has beenvsho significantly affect tangential residual

stress fields surrounding a cold expanded holediseassion Section 2.3.2.3; therefore, it is

reasonable to expect similar behavior in mild st@éle effects of increasing plate thickness are

a larger maximum level of residual compressivesstand elastic-plastic boundary. The purpose

of this section of the FEA was twofold. The fivghs to determine if similar effects on residual
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stress fields occur in mild steel with increasimagg thickness. Second, because the field
application of the PICK tool technique will be ondge members with thicknesses far exceeding
5 mm [0.197 in.], much larger plate thicknessesewevestigated to determine if at any point
plate thickness not longer affects levels of residtress. The plate thicknesses investigated
were: 3.18 mm (0.125 in.); 6.35 mm [0.250 in.];®rBm [0.375 in.]; and 12.7 mm [0.500 in.].

To eliminate concerns of edge distance ratiosctffeéhe plate thickness models were
constructed as semi-infinite square plates witlsidetdimensions 457.2 mm [18.00 in.] x 457.2
mm [18.00 in.], as shown in Figure 5-15. A 3.18 f@125 in.] hole, located in the center of the
square plate, was used for each varying thicknéssnesh configuration scheme and size, as
optimized in the 3D uniform expansion models, Fegbi¥6 & Figure 5-8, was used for all plate

thickness models, see Figure 5-16.

457.2 mm
[18.00in.]
228.6 mm @6.35 mm
[9.00 in] [0.125in.]
457.2 mm
[18.00 in.]

Figure 5-15: Geometric details of holes and edgesdance dimensions for plate thickness FEMs
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Figure 5-16: Final mesh configuration for typical gate thickness FEM (shown3.18 mm [0.125 in.] thick)
achievable in mild steel under uniform levels opamsion. While these results should not be

The results from all five groups of models reprédgkeaoretical values of residual stress
expected to correlate exactly with those measurediaboratory setting, the following results
have provided an excellent basis for the factoas ¢hn effect levels of residual stress as well as
approximate values that can be achieved for mé&er@ammonly used in bridge construction.

5.2 MODEL RESULTS



5.2.1 2D Uniform Expansion Models

The initial goal of the 2D UE models was to vettifig accuracy of the modeling technique of
this study by comparing results with those of ppegiy established FEA. Results of the 2D UE
aluminum models, shown in Figure 5-17, were coasistvith the FEA performed by de Matos,

P.F.P. et. al. [22].

o
o

o
H
1

o
N
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= i=3% ®j=4% +i=5% ><i=6%
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= 1
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Normalized tangential stress @,,,/0,)
N

=
o

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Distance from hole edge/radius of hole (z/r)

Figure 5-17: Tangential stress field for 2D UE alurimum models at various levels of expansion
As in the FEA performed by de Matos, P.F.P. ef2dl] , the peak tangential compressive stress
was equal to a value just above the tensile yie&hgth of the material and was increased with
increasing uniform levels of expansion. The zoheesidual compression and the location of the

elastic-plastic boundary, shown in Figure 5-17,enads0 consistent with the FEA performed by
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de Matos, P.F.P. et. al. [22]. With increasingelewof uniform expansion, the zone of residual
compression became larger and the elastic-plastindary moved away from the edge of the
hole. The slight differences in results betwees #tudy and that performed by de Matos et. al.
[22] can be attributed to the varying partition anesh configuration, outer plate dimension, and
slight differences in material properties.

Once the results of the 2D aluminum UE modelstiesh confirmed, 2D UE models
simulating mild steel material properties were stigated. The results are shown in Figure 5-
19. The tangential stress field, peak compressiess, and elastic-plastic boundary were very

similar to that of the aluminum 2D UE model resufiggure 5-18.
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Figure 5-18: Tangential stress field for 2D UE GrA36 Steel at (a) 3 % (b) 4 % (c) 5 % and (d) 6 % heels
of expansion
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The differences between the 2D aluminum and médlshodel can be seen much more clearly
in Figure 5-19. In Figure 5-19, the results of e models simulating aluminum and steel
material properties are plotted against one an@theach varying degree of expansion. lItis
clear that the residual stress field for the alummmmaterial was significantly smoother than for
the mild steel. At each degree of expansionvatlae approximately equal to the yield strength
of the steel, a discontinuity in the tangentia¢ssrfield appeared. This slight discontinuityhia t
tangential stress field was the only significaritedlence between the results of the two materials.
These results confirm that beneficial residualsstes are achievable in mild steels similar to

levels achievable in aluminum; thus, a similar ioy@ment to fatigue life can be expected.
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Figure 5-19: Tangential stress field for 2D UE 20243 Alclad Aluminum vs. Gr. A36 Steel at (a) 3 % (b4
% (c) 5 % and (d) 6 % levels of expansic

5.2.2 3D Uniform Expansion Results

The 2D UE results confirmed that beneficial residuigesses, similar to those achievable
through static cold expansion in aluminum, couldabkieved in mild steel. The focus now
shifted to comparing results of the 2D mild steeldals with those of the 3D UE models. The
results of the 3D UE mild steel models, at mid#hiess of the 3.18 mm [0.1215 in.] plate are

shown for varying expansions in Figure 5-20.
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Figure 5-20: Tangential stress field for 2D UE mods versus 3D UE models @ mid-thickness for various

degrees of expansion (a) 3 %, (b). 4 %, (c). 5 % dr{d). 6 %
As shown in Figure 5-20, the relative magnitudepesk residual compressive stress, elastic-
plastic boundary, and zone of residual compresaiersimilar at the mid-thickness of the 3D UE
mild steel models as the 2D UE mild steel mod@&lse simpler 2D UE mild steel models were
fairly consistent with those of the 3D UE mild s$temdels at mid-thickness. While the
compressive stress at the location of the holealasst identical for both sets of models, the 3D
UE mild steel models generated larger peak comprestresses (no more than a 3.5 %
increase) as well as larger zones of residual cesspn. In addition, the 3D UE mild steel
models did not experience the discontinuity ingtress field near the tensile yield strength of

the material. These differences are clearly ates$the effects of confinement provided by the
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thickness of the plate in the 3D UE mild steel nisdleat the 2D models simulations do not
capture.

Figure 5-21 illustrates the through-thickness taigéresidual stress distribution for
varying levels of expansion. It is important tdenthat residual stress levels peak at mid-
thickness and decay moving towards the surfacés i$significant because levels of
compressive residual stress are the reason foctiedun stress intensity factor around cold
expanded hole and the main contributor to fatighedrhprovement. The effects of varying
residual stress through the thickness of a plat&t imei considered when predicting levels of

fatigue life improvement.
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Edge Distance Model Results

The effects of varying edge distance ratios forild steel material were shown to be similar to
those exhibited for aerospace material (aluminuAg.shown in Figures 5-22-5-25, the level of
peak compressive stress, zone of residual compeessess, and elastic-plastic boundary were
reduced for lower levels of edge distance ratibisTrend was valid until a value eD became
greater than or equal to 3. Once an edge distatioeof 3 was met or exceeded, edge distance
no longer affected the shape or magnitude of thgdiatial residual stresses. The saferatio
was found to exist through studies of the effe€tganying edge distance ratio in aluminums, as

discussed in Section 2.3.2.1.
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Figure 5-22: Tangential stress field for Edge Distace Model at 3 Percent Expansion
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Figure 5-24: Tangential stress field for Edge Distace Model at 5 Percent Expansion



6 % expansion

o
n

o

e/D=1

-#-¢/D=1.25

Normalized tangential stress §,,4/0)

-0.5
-+-e/D=1.5 --¢/D=1.75
—-e/D=2 -=e/D=2.5
-1
e/D=3 e/D=5
— - -<e/D=10 e/D=25
-5 T :
0 0.5 1 1.5 2 2.5 3

Distance from hole edge/radius of hole (z/r)

Figure 5-25: Tangential stress field for Edge Distace Model at 6 Percent Expansion

5.2.3 Hole Diameter Model Results

The results from the hole diameter models, simudgdi uniform 4 % expansion, were consistent
with past investigations performed on materials gmmly used in the aerospace industry. As
illustrated in Figure 5-26, as hole diameter inseeh beneficial residual stresses were able to be
achieved with minimum change in magnitude. Theltegjive confidence to the idea that crack-

stop holes of any size may be able to be effegtitrelated with cold expansion.
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Figure 5-26: Tangential stress field for hole diamier models at 4 Percent Expansion

5.2.4 Plate Thickness Model Results

The results of the plate thickness models wereistamg with findings of past FEA [8]. As in
previous analytical investigations, increasingglkitickness increased the maximum level of
residual compressive stress and compressive stregse maintained for a farther distance away
from the hole.

However, as illustrated in Figure 5-27, the basedf increasing plate thickness appear to
become less significant as plate thickness appeshtB.7 mm [0.500 in.]. This point was
illustrated by the minimal gain in residual strésgels as plate thickness was increased from

9.53 mm [0.375 in.] to 12.7 mm [0.500 in.]. Thiaymot be as simple to confirm in a
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laboratory setting, considering cold working usprgsent techniques becomes more difficult

with increased plate thickness [8].
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CHAPTER 6 CONCLUSIONS AND RECCOMENDATIONS

6.1 CONCLUSIONS

The results of a combined analytical and experiaiesitidy of the fatigue behavior of notched
steel specimens treated with a PICK tool are sumzedr The PICK tool is used to apply a
compressive pres-stress coupled with grain refimtr@aeund holes used to arrest fatigue cracks
in steel bridges. Both Finite Element Analysis argeriment fatigue tests show the PICK tool
technigue improves the fatigue life of specimenhwound notches. The development of the
PICK tool is described in a separate study.

The FEA portion of this study investigated thdigbof cold expansion to produce
beneficial residual stresses in mild steel materidin addition, geometric parameters shown to
effect levels of residual stress in aerospace nadgexere investigated for cold expanded holes
in mild steel plates.

The PICK tool technique has demonstrated thatdatlge improvement resulting from
cold expansion can be carried over from materiasronly used in aerospace (aluminum) to
materials commonly used in bridge constructiortlfia case, mild steel). The PICK tool
produced a fatigue life improvement of approximatetimes that of the untreated specimens.
The fatigue life improvement of 4 falls directlytine range of 3-10 that has been shown can be
produced through static cold expansion in aerospeterials [5-8]. Itis unclear at this point
whether the ultrasonic treatment is providing adddl benefits beyond the basic cold expansion
produced by the PICK tool. The natural progressibtesting would be to treat specimens
without the use of ultrasonic impact and compaosétfatigue life results with the PICK treated
specimens with ultrasonic impact. To follow uptba investigation of comparing treatment of

the PICK tool both with and without ultrasonic ingpaa laboratory investigation of the residual
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stress fields surrounding the treated holes and gize of the area surrounding the hole should
be performed.

The results of the finite element study confirmlealt toeneficial residual compressive
stresses can be produced in mild steel similaldeahievable in of materials commonly used in
the aerospace industry (aluminum). Additionalljjuating geometric parameters found to effect
levels of residual stress in aircraft material bamlilar effects on the behavior of mild steel.

For the uniform expansion mild steel models, isvic@und that as the level of uniform
expansion increased so too did the zone of resmhmpression, maximum peak residual
compressive stress, and the elastic-plastic boyndiris finding was consistent with those of
previous studies investigating cold working of apace materials.

Edge distance ratio was also shown to have a siefilact on mild steels as is seen in
aircraft material. At an edge distance ratios tgretinan three, there is no significant change in
the level of residual stress. However, if edgeadiisé ratios are lower than three, levels of
beneficial residual compressive stresses tenddeedse, and decreased fatigue life improvement
can be expected.

Consistent with previous investigations, varyingehdiameter showed no significant effect
on the residual stress profile of cold worked cratdp holes. This signifies that application of
cold expansion may be effective for treatment délsizes to be seen in the field.

Due to additional levels of confinement with insieay plate thickness, levels of beneficial
residual stress increased. However, the FEA esuljgest that there may be a limit to the
levels of residual stress that can be achieved witeasing plate thickness. In other words,
there is a point in which increasing thicknessormkr provides an improvement to levels of

residual stress. This is significant considerimg size of member thickness that will be needed
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to be treated in bridge crack-stop hole situatisitisbe thicker than many cold expansion
applications in the aerospace industry. It shdadecognized that with increasing plate

thickness the ability to effectively treat crackystholes will increase in difficulty.

6.2 RECOMMENDATIONS

The effectiveness of treatment with the PICK t@whains at a developmental stage. It is clear
through experimental data from this investigatioat the PICK tool does have the ability to
enhance fatigue life in uxiaxial tensile applicatfor thin plates. The next step in the laboratory
investigation is the treatment and fatigue testih§.35 mm [0.250 in.] fatigue specimens. If the
PICK tool is proven successful in enhancing fatitiieeof the 6.35 mm [0.250 in.] specimens, it
can be concluded that the PICK tool, in uniaxiakten applications, can be an effective form of
treatment for plates of varying thickness. If BHEK tool shows it can enhance fatigue life of
the 6.35 mm [0.250 in.] plate, the fatigue speciseist be redesigned to more closely simulate

a crack-stop hole scenario.

6.3 FUTURE WORK

This type of uniaxial crack-stop hole testing hasrbperformed on aerospace materials in
studies such as the one performed by Amrouchet. &l.26]. In this type of investigation, the
laboratory specimen will not have a hole drilled otian initially uncracked plate; rather, the
hole will be drilled at the tip of a flaw which iisitiated by a preinstalled notched at the edge of
the plate. The crack-stop hole is then treatedtiestéd in uniaxial tension until the point where
crack reinitiates.

The ultimate goal of the PICK tool is the abilitytreat and improve fatigue life of crack-

stop holes in field applications. For this reasonew design of the PICK tool will be necessary
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for application in field conditions. The final g of the PICK tool development will be to test
the redesigned PICK tool, in a laboratory settomgscaled bridge members subjected to a
realistic crack- stop hole’s out-of-plane stresgr@mment.

The PICK tool is a technique that could extendlithess of cracked steel bridge
components with minimal cost and interruption te ttaveling public. The tool has shown the
ability to improve fatigue life of crack-stop holbg a factor of 4. With continuing optimization
of PICK tool parameters this value is expectedtwdase. This technique is of particular
importance, considering bridges throughout the ttguoontain connection details susceptible to

the formation of fatigue cracks.
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APPENDIX A
DETAILED FATIGUE TESTING PROCEDURES
MTS Load Frame Fatigue Test Procedure
The MTS fatigue test procedure began by calculahegappropriate net section area at the
location of the hole. The maximum, minimum, andrage load were then calculated for each
specimen. Once appropriate loads had been detdntime test frequency was inputted along
with the maximum number of cycles that the specicmrd see before a predefined infinite
fatigue life was reached. The final procedureduse all fatigue specimens, was as follows:
1. Ramp to a load of 444.8 N [100 Ibs] in 30 sec.
2. Hold 444.8 N [100 Ib] load for a time period of 8€c.
3. Ramp to average load (determined on an individasiddffor each specimen) in a time
period of 30 sec.
4. Hold average load for a time period of 30 sec.
5. Begin cycling between maximum and minimum valuesafgpropriate number of cycles
and test frequency.
6. Data acquisition file created so that the linedadiaterval was collected every 100
cycles. The maximum number of cycles stored waersan individual basis for each

specimen.
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APPENDIX B
TENSION TEST DATA

B.1 MTS TESTFRAME TENSION TEST PROCEDURE

The MTS test frame was used to test the 6.35 m2b(0in.] tension specimens. All tension
testing was performed in accordance with ASTM dpetion E8. Cross head displacement was
individually set for both the determination of yledtrength and ultimate tensile strength as
outlined in ASTM 08. Up to the point of yieldintie rate of separation, set for the MTS test
frame, was 0.45 mm/min. [0.018 in/min.]. This @d®ad displacement rate provided a loading
rate between the ASTM specification E8 limits of%BIPa and 689 MPa [10,000 psi and
100,000 psil.

After yielding behavior was recorded, the loadiaterwas changed to meet ASTM 08
specified strain rates of 0.05 mm/mm/min. to 0.5/mm/min. [0.05 in./in./min. to 0.5
in./in./min.] This strain rate was maintainediuspecified failure.

The test procedure for all 6.35 mm [0.250 in.] tenspecimens, created with the MTS user
interface TestStar, was as follows:

1. Ramp to 444.8 N [100 Ib] in a time period of 30 sec

2. Load hold at 444.8 N [100 Ib] for a time period36f sec

3. Ramp to a displacement beyond yield to 5.84 mnB[(hg in a time period of 783 sec.

4. Ramp to a displacement of 68.6 mm [2.7 in.] imaetperiod of 200 sec.

5. Failure detection defined as load falling below 562max load seen during step 4.

Once failure is detected station interlocks antiseshut down.
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B.2 BALDWIN FRAME TENSION TEST PROCEDURE
The Baldwin test frame was used for testing tensyectimens with a thickness of 3.18 mm
[0.125in.]. As with the procedure written for thE'S test frame, all portions of the Baldwin
test program were written in accordance with ASTdafication E8. This included specifying
appropriate load rates and strain rates up toairegof both yielding and ultimate tensile
strength.
The test procedure for all 3.18 mm [0.125 in.}ien specimens, created with the
Baldwin user interface, Partner, was as follows:
1. Ramp to 444.8 N [100 Ib] at a load rate of 444.61d/ [100 Ib/min.]
2. Ramp to a displacement of 1.52 mm [0.06 in.] aispldcement rate of 0.127 mm [0.005
in/min.]
3. Ramp in displacement control at a displacementa508 mm [0.2 in./min.] until

specimen can no longer take any load.
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B.3 LINEAR STRESSSTRAIN BEHAVIOR
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B.4 COMPLETE STRESSSTRAIN DIAGRAMS
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B.5 MODULUS OF ELASTICITY STRESS-STRAIN PLOTS
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B.6 TRUE-STRESSTRUE-STRAIN CALCULATION
As a result of the large deformations associateéd @old expansion, it was thought that true-
stress true-strain material properties should led fsr FEM simulations. True-stress and true-

strain were calculated from the laboratory redaltstress versus strain using the following

equations.
True Stress g, @&, (B.1)
True Strain=n (&, (B.2)

These resulting values for true stress and tragnsivere used as the material property

definitions used in all FEM modeling.
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APPENDIX C
STRAIN GAGE DATA SHEET

250BG
Wishay Micro-Measurements

N A
VISHAY,

General Purpose Strain Gages - Linear Pattern

| GAGE PATTERN DATA

GAGE | RESISTANCE GPFTIONS

CESIGHNATION (DHIAS) AVAILABLE
S Mota 1 Sae Nole 2

EA-KK-250E6E-120 1202 015% [ WLE L LE.P
ED-Dh-250556-350 3532 03% | EL°LE
WK -Z50EG-120 1Era 0E% | W
WK -2E0BG-350 350 0% | WT
Ebe3-280BG-100 100 0.95%
EP--200RG-120 120 £ 0.15%

54 X4-250BG- 120 2003
SK-2d-250B05 350 350 = 0.0%
S0-D-250845-350 50 = DUE
FOWD-O ES0EG-350 350« D&%

DESCRIPTION

Wickaly used generalmrpase gage. Campas! geamalry
See aksn 250UM patam,

ES = Each Baction CP = Complate Palbarn inch
GAGE BIMENSICHS LEmRE s - secton 181 = Sec 1) M = Wi mitimatar
Gage Langth owerall Langlh Grid Width Cvarall Width fatrix Length “WMatrix Width

0250 0575 T oaz A 0z PES)

Bas | 983 EXEN T 132 TEE
GAGE SERIES DATA Sea Gage Sinrins data sheed for comileta speciications, . ; .
Series Bescripdhan Strain Range Temperaiune Range

EA | Constantan fail in combination wilh & 1eugh, llexisle, polyimida backing. £3% ~109" 1o +350°F [=T5° 0 4175°C]
ED | lsoebastic 16l in combination win baugh, Ussiol pahyimide R =% =207 16 +400°F [-185° lo +205"C] |
Wh | Fully encapsulated canstarsan gages with high endurance leadwings, Ty =007 1o +A00PF [-75 1o +205°0] }
WK | Fully encapsulates FK-ally gages v high-endurance feadwires. | 215% | 45 o +550°F [-209° %o +2A0°C]
TEP | Armeakd constantan fol with tough, high=plongatian pd:.rin"l}d& backireg. =E0% =100 1o +L00°F [—?5“ 1o +205" 3]
SA | Fully encapsulated constanian pages with sokder dals, 5% —100° 10 +400°F [-75° 1o +205°C)
B | Fully encapsuiaied F-alloy ganes with solder dots 21.5% —453* 1o +450°F [-268° 1o 4230°C]
S0 - Equivalent to WD Series, bt with sakler dats instead of leadwires. 1.5% -320° ta £A00°F [-1957 lo +205°C)
WD Fuly encapsulaied isoolaslic gages with high-endurznce Badwies. T alEE ~320" bo +500°F [-195° 10 +260°C]

Mobe 1:  Insarl degired 5-T-0 number in Bpaces marked J502,
Hate 2:  Tolerance & ncreased when Option W, E. SE, LE. or F is specified.
*Oiptiems avaitable but nat nomally recommended. See Optonsl Featuras data sheed for details.

v BRI S0m mizremeasyurements @vishayoom Dpcumant Mumbes: 11284
42 Agesicn: A1-Mar-03
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APPENDIX D
CRACKED FATIGUE SPECIMENS

As mentioned in Sections 3.4 and 4.1.1, failuréhefaxial fatigue test program was defined as
the visual confirmation of cracks formed at a h®kedges. The following section provides

photographs and flaw sizes at failure for each essfally cracked specimen.

D.1 SPECIMEN CONTROL 9

Crack Length = 2.794 mm [0.1100 in.]

f_

/

Crack Length = 2.585 mm [0.1018 in .}

Figure D-1: Cracked specimerControl_9 side 1, failed at 234,824 cycles
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Figure D-2: Cracked specimerControl_9 side 1, failed at 234,824 cycles

D.2 SPECIMEN CONTROL 10

.4

Crack Length = 2.794 mm [0.1100 in.]

- o

Figure D-3: Cracked specimerControl_10 side 1, failed at 177,106 cycles
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Crack Length= 1979 mm [0.1173 in]

f

Crack Length = 2.057 mm [0.0816 in.]

Figure D-4: Cracked specimerControl_10 side 2, failed at 177,106 cycles

D.3 SPECIMEN CONTROL_11

#

*. « CrackLength = 1.556 mm [0.06125in.]

Figure D-5: Cracked specimerControl_11 side 1, failed at 169,222 cycles
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. GrackLength = 1.560:mm [0.0614 in.]

3

Figure D-6: Cracked specimerControl_11 side 2, failed at 169,222 cycles

D.1 SPECIMEN CONTROL_12

Figure D-7: Cracked specimerControl_12 side 1, failed at 195,220 cycles

142



Length = 3.094 mm [0.1218 in ]

Crack Length = 2.002 mm [0.0788 in.]
3 14

Figure D-8: Cracked specimerControl_12 side 2, failed at 195,220 cycles

D.2 SPECIMEN CONTROL 13

Figure D-9: Cracked specimerControl_13 side 1, failed at 194,449 cycles
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:
Crack Length = 1.497 mm [0.0577 in.]

| |

r |

. ;".'.
Crack Length = 1.598,mm [0.0629 in.]

Figure D-10: Cracked specimerControl_13 side 2, failed at 194,449 cycles

D.3 SPECIMEN CONTROL 14

Spoecimen not photographed.

D.4 SPECIMEN CONTROL 15

Spoecimen did not fail.

D.5 SPECIMEN CONTROL 16

Spoecimen did not fail.
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D.6 SPeECIMEN PICK 3

Figure D-11: Cracked specimerPI CK 3 side 1, failed at 818,635 cycles

Crack Length = :

Figure D-12: Cracked specimerPI CK 3 side 2, failed at 818,635 cycles
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D.7 SPECIMEN PICK 4

Crack Length = 1.514 mm [0.0596 in.]

¢

Figure D-13: Cracked specimerPI CK 4 side 1, failed at 743,725 cycles

.

).0985 in.J. "

.
-
.

.

Figure D-14: Cracked specimerPI CK 4 side 2, failed at 743,725 cycles
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D.8 SPeECIMEN PICK 6

,?'

gErack Length = 1.232 mm [0.0485 in.]

Figure D-15: Cracked specimerPICK 6 side 1, failed at 426,302 cycles

Crack Length = 2.858 mm [0.1125 in.]

Figure D-16: Cracked specimerPI CK 6 side 2, failed at 426,302 cycles
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