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ABSTRACT

The steelwork in a potash mineshaft is subjected to repeated lateral loads due to the
lateral motion of the cages and skips that transport personnel, ore, and equipment up and
down the mineshaft. As a result, teeeel assemblies, including their bolted connections,
must be designed to prevent failure due to fatigue. However, due to uncertainty regarding
the fatigue behaviour of the connections, designers must take a very conservative approach,

which could resultn an uneconomical design.

The main objective of this research was to determine the fatigue behavislip-of
critical bolted connections when different bolt types and surface finisheegsed. A325
high strength bolts and C50LR Huck tension control bolteewssed as the different bolt
types As-received mill scale steel plates (Class A surface finish) andd&ested surfaces
with a Cathacoat 302HBoating(Class B surface finish) weresed as the differefinishes
A digital image correlation systemas well asoptical and scanning electron microscopic

examinationwere used to characterize the modes of failure of the specimens.

Bolted connections assembled with the Class A surfagshfifailed due to fretting
fatigue damageand crack initiation took place some distance away from the hole in a partial
slip regionbetween a stick region adjacent to the bolt hole and a gross slip region further
from the hole where the relative motiortween the plates was highe®n the other hand,
specimenswith the Class B surface finish failed due to bending fatigue caused by the
eccentricity betweethe tension forces ithe plates in the singlap bolted jointsand crack
initiation took place athe hole edge where the stress concentration was higherbolt
type did not have a large effect on the fatigue behaviour, except that the tension in the
tension control bolts may have been slightly higher, resulting in a slight improvement in the
fatigue life. In general, the fatigue life results were lower than those in4Nec@ve given
in CSA S1614, differing from the standard curve by an increasing margin as the stress

range increased due to the effects of bending within the specimens.
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CHAPTER 1

INTRODUCTION
1.1 Background

The steelwork in a typical mineshaft consists of vertical steel guides periodically
supported laterally by horizontal bunton sets that consist of a main bunton beam and several
cantilevered beamsBolted connections are commonly used in bunton sets, wdieh
generallyconstructed with hollow structural sections (H3S3rge cages and skips are used
to transportpersonnel, equipment, and materials such as ore up and down the mineshaft
During the transportationprocess,the guidesand buntons along with their bolted
connectionsare subjectetb repeated lateral loads duethe lateral motiornof the cages and
skips.One of the problems encountered in the desighekteelworks to define the fatigue

life of thebolted connections

When he elements of sasteel structure fail statically, theydo so usually after
experiencing largedeformations, because the limit of elasticitgs beenexceededthe
element can therefore be replaced before fracture occurs. Thus, static failure has the
advanage of warningf its presenceOn the other handatigue failure takes place when an
initiated crack has propagated long enotaghts length to become critical, and this happens
without much visible deformation. Therefoiiejs important to detect amitiated crack to
prevent failure However,in bolted connections, the craditen initiates at the contact

interface so that it cannot be detected until it has propagated and grown.

The Canadian steel design standard, CSA-Bl &defines just one-N curve for the
fatigue performance of any type of bolted connection, without taking into account different
variables such athe size of bolts, configuration of the connection, bolt type, plate material,
etc. A study focused on the fatigue behaviour of-sflipcal connections is needed to
determine whether this single curve is applicable across the full range of potential values for
the several variables found in the bolted connections of minesésgtsially bolt type and

surface finish, in order to emse the most economical and safe connection designs.



To adequatelypredict the fatigue behaviour of bolted connections, it is necessary to
conduct small scale tests to determine crack initiation sites and their fatigue lives. Most of
the studies found irhe scientific literature focus on the level of peasion applied to bolts
as the main variable that can enhance fatigue life in a bolted connection. The influence of
other variables, including surface roughness and bolt type, must be determined tp develo

more complete understanding of the fatigue behaviour.

According to the Canadian steel design standard, CSAL816yclic loads do not cause
fatigue failure in higkstrength bolts when they are loaded in shear. However, the connected
plates can suffaunexpectedailure due to the induced fretting fatigue phenomenon. Fretting
is a complex phenomenon, involving several fields of knowledgduding materials
science, mechanical contact and tribology. According to the glossatgrmogs of ASM
International (Davis 1992, fretting fatigue causes damage on the contacting surtdcas
connection when oscillatory displacements of small amplitude occur between the
components that are in contact and under pressure. As a consequence, fretting fatigue
reduces th strength ohssembled componentsat are subjected to fatigue loads. This can

lead to crack initiation and crack propagation, and eventually to fatigue failure.

A number of factors associated with the fretting phenomenon in conjunction with
variables riated to bolted connections need to be understood for a safe design of bolted
connections. The primary variable influencitige fatigue behaviour dfolted connections
are the bolt preension and its influence on the fretting fatigue failure behmsbauld be
understoodo improve the fatigue strength of bolted connections. Wagle and Kato (2009)
foundthat lower bolt pretension resultedfatiguefailure of bolted connections at the bolt
hole whereas forhigher bolt pretension, fretting induced failuoecurred at a certain
distance away from the bolt hole. Shankar and Dhamari (2002) confirmed that fretting
fatigue caused crack initiation away from the hole edge due to the stress concentration
associated with the fretting phenomenon. Benhaddou E04l4) investigagd the effect of
clamping forcein doublelap bolted connections and confirmed that lower bolttpnsion
led to bearingf the bolt against the platnd caused failure at the hole edge (net section).
Chakherlou et al2012) provided theeason for the fretting phenomenon within the contact

interface confirming that frictional forcesvere inducedat the contact interface due to the
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relative displacement between the contacting surfaClesy also observed that higher
clamping force impoved the fatigue life of bolted connections because it created

compressive stresses around the hole.

Furthermore, Kartagét al (2011) measurethe relative displacement clogethe contact
area usin@ Digital Image Correlation (DIC) technique and found that fretting was initiated
due to the relative displacements within the partial slip region close to the hole edge of the
bolted connection. They also recommended that the contacting surfaces bedpbejfare

assembling the connectiom have a higher slip coefficient at the contact interface.

This observation was furthexploredby Reza et al. (20)6who showedhat the surfae
characteristics have a greaatpact on the fatigue failure of bolted megections Since the
surface roughness is directly proportional to the slip coefficient, contacting surfaces with
higher slip coefficient are always preferred for bolted connections. It was observed that
contacting surfaces withuniform and rough surée profile could reduce the magnitude of
the relatie displacements and thus redtieeoccurrenceof fretting wear or fretting fatigue.
Although a number of research wottkavefocused on characterizing tifetigue behaviour
of bolted connectionsmany of the important variables such as bolt tyged type of
contacting surfacenust stillbe analyzed to provide a safe design for structures assembled

usingbolted connections.

1.2 Objectives

The pimary objective of this study vgato develop a bettemderstanding of the fatigue
behaviour and failure mechanisnof slip-critical bolted connectionsassembled with
different types of bolts and the two surface finishes defined in CSA1&16lass A and
Class B) Specific subobjectives include the followin

- To characterize the surface prodilef the asreceived Class A anGathacoat 302HB
coated Class B surface finishes and to determine the effect of surface finish on the
slip resistance and slip coefficient of bolted connections;

- To determine the influence ofurface finishon the fatigue life andfailure
mechanismf slip-critical bolted connections, considering Class A and Class B

surface finishes



- To determine the influence of bolt type on the fatigue life and farheehanisms of
slip-critical bolted connections, considering standard high strength bolts (A325) and
tension control bolts (C50LR Huck bolts);

- To quantify the fatigue life of single lap joislip-critical bolted connections at more
than three different lahlevels in order to define the-I$ curve for eachype of
connection, and to compare this with the CSA-$46&efined SN curve for Detail
Category B;

- To determine the influence dfending inherent in the singiap joint specimenon
the fatigue life ad failure mechanisms of shgritical bolted connections; and

- To develop an understanding of the mechanrisfrcrack initiation forthe different

types of specimens

1.3 Scope and Methodology

In this thesis, the fatigue behavianfr bolted connectionander fretting conditions was
experimentally determined. Different series of fatigue tests were conducted on small single
lap slip critical bolted specimensderdifferent load levels to measutiee fatigue life and
observe the mechanisnof failure. The two main variables that were studied were the
surface finish type and the bolt type. Two different types of faying surfaces (Class A and
Class B) ad two bolt types (A325 HSBnd C50LR Huck tensiocontrol bolts) were tested.

Three groups of samples were prepamet] each onewas subjected tca number of
different stress ranges. The first group consisted of connections using a Clagao® s
finish and A325 HSBthe second group consisted of ceations using a Class Rirgace
finish and A325 HSBand the third group consisted of connections using a Class B surface

finish and C50LR Huck tension control bolts.

For plotting the stress amplitude versus number of cycles to failukg (Brves,tests
were conducted amhore than three stressnge leveldor each group of specimerfsor these
tests,the stress ratio (RAnd frequencyf) of the cyclic load remained constant at 0.0909

and 10 Hz, respectively, to remove any influence of these variables.

During four fatigue tests, a digital image correlation syst€orrelatedSolutions, Ing

USA) was used to capture images of thelted specimens in order to determine their
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displacements in the directions parallel and perpendicular to the applied Thad.
measurements were useful to determine the magnitude of the relative motion (slip) between
the plates over a fatigue cycle. Also, the strain fields were determined, which then were used
to calculate the curvature present in the single lap boltecdinspasdue to theinherent
bending effect.

To understand the fatigue failuneechanismsit was necessary to observe the damage
caused by fretting wear amdentify the location of crack initiation. Once the samples failed,
their contactsurfaces werexamined ging optical andscanning electron microscap®
identify the different features that occurred due to the fretting phenomenon. In addition, four
tests were interrupted, each after a different number of cycles and before the sample failed,

in an attempt taletermine the crack initiation life.

1.4 Thesisoutline

Chapter 1 presents the background about fretting fatigue in bolted connections, the

objectives of this research, the scogpred summary of the methodology.

In Chapter 2the literature review is presented, providadgirly general compilation of
the most important concepts and the necessary theory for the study of fatigue. The literature
related to previous studies of fretting fatigue in bolted connectsoreviewedio define the
variables and methodology for this research.

In Chapter 3, theexperimental methods aexplained, includinga description othe
properties of the materials used for the platles,surface finiskesand bolt typesandthe
design of thetest specimens. In addition, the equipment used during the experimental
program, including the test machine, the Digital Image Correlation system and the software
packagesis presented. Finally, the morphological characterization procedure, equipment
and anajsis are explained.

Chapter 4presentghe results of the experimentalvestigationsincluding the fatigue
life measurements andM$ curves, and @omparison of the specimens with the different
combinations of variables testethe chaptr also provides presentationdiscussion and

analysisof the relative displacements at the contact interface of the bolted connection



samples, the features found during the morphological characterization of the fracture

surfaces and contact surfaces and tiNecirves br each specimetype

Finally, the summary and conclusions of the investigation reedmmendations for

future work are provided in Chapter 5.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Structuralsteelmembers areften assembled usirglip-critical bolted connections and
these connectiongypically use high strength bolts for joining the structural members.
Structures such abridgesand those withirmineshaf$ are subjected to fatigue loading
during theirnormaloperation In such casg the slipcritical bolted connections are prorme t
fatigue failure, which is ofcritical concern for the safe operation of these structural
assemblies. Fisher et al. (1998) stated that engineering structures, includingineshaft
structures, bridgescrane support structures, stacks and masts, and offshore structures
usually fail catastrophicallyunder fatigue loading conditions without any warning. At
present, the design methods used to prevent fatigue failure are based on statistical data and,
whendesigned to ensure an adequate margin of safety, the design can be very conservative.
Hence, researchefsmve focusedn analyzing the various parameters associated with slip

critical bolted connectiorf®r understandingheir fatigue failure behaviar.

In bolted connectias) the shear load is transferred between the connected plates either
by bearing of the bolts against the bolt holes or by friction between the Hatek.et al.
(1987) statehat for connections in which the bolts have not been adequately pretensioned, a
stress concentratida createdn the platearound the bolt holénet section areajueto load
transfer between the plates and the bolt shank by bedhrgycaninitiate the formation of a
crack at the edge of the hole where the bolt and the plate contact each other. Eventually,

fatigue failure occugin theplatedue to thaepeatedmpact between the bolt and the plate.

On the other hand, en the bolts have been pretemed, the applied load transferred
by friction between the platewhich caninduce fretting fatigue (Kulak et al. 1987). In this
case, theras not astressconcentration around the holmstead, cacks develop at the
boundary betweea stick regionnear the hole, where the contact pressure is highedg
slip region some distance from the hfilee martial slipregion). This phenomenon is defined
as fretting fatigue anchustbe adequately accounted ftwr ensurea safe fatigue designihe
main factors that affect the fretting fatigue behaviour of bolted connections are bolt
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pretension and slip coefficient. According to Kulak et al. (1987), the yield strength of the

connected plates does not affect the fretting fatigue life of a bolted connection.

2.2  Slip-critical connections

Slip-critical bolted connections areecommended for structural membetsat are
subjected to fatigue loads. The stiptical connedbn is designed to mee service limit
state in which working loadsare not allowed to exceed the slip resistance. Althpugh
theoretically slip-critical connections are not subjedtto shear and bearinigads these
connections must have enoughear and bearingesistanceto withstand a overload
generatd by slip. For structural members assembled with bolted connections, the slip
resistance generated at the contact interface depends on the Heligiwa and the slip
coefficient (k). A higher slip coefficient (§ or bolt pretension resultsm improved
resistance toelative sliding between the contacting plates mmprovedfatigue resistance
(Kulak et al. 1987)Since the bolt pretension dependn the type of bolt used for slip
critical bolted connections, it is necessaryatitount forthe bolt type used in strwral

assembilies.

2.2.1 Bolt type

Different types of kgh strength structural bolts are used in giitical bolted
connectios, which affects lte level ofappliedpretension andhe installation process. The
installation process ensures that the required minimum level of pretension in the bolt is
reached. Additionally, there are no repastdatiguefailures at the contact interface of the
bolt head or washer with the connected malképlates). Thereforat is understood thahe
geometry of the bolt head, nut or collar and washers may not affect the fatigue behaviour of

a bolted connection.

The irfluence of bolt typen slip-critical bolted connections depends on the level of bolt
pretension that the bolts apply to the connection in order to generate slip reqi$tenet
al. 1999) It is clear thata high level of bolt pretension improves the fatigue life of a
comection due to the reduced relative displacement between the contacting Juatest
al. 1999) The level of pretensioapplied by a tsuctural bolt depends amme bold gensile
strength, which is defined by theo | t m &arberr cordeht rsthe agle of bolt used.



The most commoiolt grades are SAE Grade 5 or Grade 8 bolts, which are equivaient
A325 and A490 high strength bolts, respectively. The minimum level of bolt pretension
recommended in the CSA S14 standards 70% of the tensile strgth of thebolt material
(CSA S1614 2014) As a resulta higher tensile strengtleads toa higher level ofapplied

bolt pretension

A325 dandardhigh grength structural bolts (HSB) (Figure 2.1) are widely used in steel
structures. These boltonsist of a head, a sharknd a threaded length. A washer is
commaly used on the side of the nut awdshers can also be used on ltloét headside
The pretension of these bolts is applied usitgrn-of-the-nut method after snug tightening.
The amoun of turn applied depends on the bolt length and bolt diameter. This method

theoretically ensures that at least 70% of bolt pretensiappked to the bolt joint.

H Bolt length

= -

Transition —
thread Iength—f

Figure 2.1 ASTM A325 Highstrength bol{based on figure on pagelG6 fromCISC2016).

Thread length

Tension control bolts aranother bolt type that is comnigrusedin steel structures.
Undershute and Kulak (1994xplainthat a tension control bolt has a splined end, which
extends beyond the threaded length of the bolt. These bolts also have an annular groove
between the threaded portion of the nut and the splined end. The installation of these bolts
can be carried out umy special equipment and the installatiprocedures mayary from

one manufacturer to another.

The C50LR Huck bolt (manufactured by Alcoa Fastening Systems & Rings, USA),
shown in Figure 2.2, is one type of tension control bolt that is installed usspgaal
electricallypowered hydraulic tool with a nose assembly. The nose assembly slips over the
splined end of the bolt and applies the required level of pretenSioce tle required

pretension is appliedthe bolt snaps off at the annular groove. Aodding to the
9



manufacturer, this method ensutéat aconsistentbolt clamping forceis applied to the
joint.

Threaded portionj

.

FAnnuIar groove

_min. grip.‘ Splined end

Figure 2.2 C50LR Huck tension control bolb@sed on figure on page 4 frgkitoa 2017.

Very little information & available in the scientific literature about the fatigue
performance of bolted connections using A325 HSB, and no research study has been found
related to the fatigue behaviour of bolted connections using C50LR Huck tension control
bolts. As a result, the only sourcéinformation available to guide this reseammtojectin
terms of the expectenlitcomeis CSA S1614 (2014), which provides a commorNScurve

for bolted connectiomn

2.2.2 Surface finish at the contact interface

Slip-critical connections rely on friction beegn the assembled platedong the
contacting surfaces. The loads applied are transferred from one plate to the other through
frictional forces developed between ttennectedaying surfacesAccording to CSA S16
14 (2014) two surface finish types can be=d for bolted connectiomssemblies:

1. Class A surface finish, which is an unpainted clean mill scale steel surface or a blast
cleaned surfaceoated with a Class A coatingnd
2. Class B surface finish, which is an unpainted btésaned steel surface arblast

cleaned surface coated with a Class B coating.

The only parameter used by CSA Sl4to differentiate the surface finishes is the slip
coefficient (k). The slip coefficient is the ratio between slip resistance and pretension
applied to the boltsAs recommended by Table 3 of CSA Sl4 (2014), the Class A
surface finish provides a slip coefficient of 0.3 and the Class B surface finish provides a slip
coefficient of 0.52. The slip coefficient is directly proportional to the roughness of the

surfaces. The surface roughness quantifies the leveluwface irregularities that can
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contributein developng an antislip property in the connection. The friction within the
contact interface is caused by the combination of bolt pretension and surface sgugyihe
arougher surface profile provideshigher theslip resistance within the shgritical bolted

connection.

The ResearchCouncil on Structural ®@nnections (2014)indicates that the slip
coefficient (k) is not dependent on the prnsion of the bolt, coating thicknees bolt
diameter under static loading conditiondowever, theyalso indicate that the slip
coefficient and the bolt pretension are the variabtesaffect both slip resistance and the
failure behaviour oslip-critical boltedconnectionsStankevicius et al. (2009) found that the
level of pretension applied to A325 HSB did not affect the slip coefficienrAL88 steel
plateswith a Class A surface finisliror theirexperimental specinmsg, the Class A surface
finish consisted of aseceived clean mill scale steel plates and degreased clean mill scale
steel plates. Degreaselhies provided better results five slip coefficient.

Frank and Yura (1981) tested bolted connections undgutatioads to determine the
difference between uncoatddlastcleaned surfageand coated specimens. They tested
twenty samples in which they used three coatiimgdudingorganic zinc, organic zinc with
epoxy topcoatandinorganic zinc The samples consisted of a long double lap joint with a
line of four bolts on one side and two lines of bolts with two bolts per line on the other side.
They reported that crack initiatidook place at the edge of the hole in coated specimens
Figure 2.3(a) shows that crack initiation took place at the hole edge of the fourth hole of the
connection in a specimen that had the organic zinc coating on itscldaséd surface and
survived 22,03 cycles with a 310 MPa (45 ksi) stress range. Figure 2.3 (b) shows that
crack initiation took place at a hokdge of the lowermostrow line of two holesin a
specimen that had asrganic zinc with epoxy topcoabating over a blastleaned surface
and was subjected to a 241 MPa (35 ksi) stress reorgé52,750 cycles. On the other hand,
crack initiation took place at the surface of the gross section due to fretting fatigue in the
blastcleaned specimenghus, the blastleaned surface specimedsmamstratedpoorer

fatigue life as shown in Figure 2.4.
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Figure 2.3 Crack initiation in pecimens subjected to fatigue tests: (a) Specimigtnorganiczinc
coating after 272,030 cycles at a 310 MBass rangeand (b)Specimerwith organic zinc and epoxy
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1981).
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Annan and Chiz2013) explained that the friction coefficient plays a major role in the
slip resistance of a slip critical connection. A higher coefficient of friction is desirable for
enhancing the streng(Blip resistance) of a shgritical connectionbut its effe¢ on fatigue
life is not known. Itwaspostulated thaa higher slip coefficient can reduce the magnitude of
the relative displacement between the platassreducing the fretting effe@nd increasing
the fatigue life. Surface roughnessdksely conneted to the coefficient of friction, and is
thereforeexpected to affect fatigue failure behawioSurfaces withrougherand uniform
surface profils can creatan interlocking effecbetween the twasurface, thus increasing

the coefficient of friction.

Reza et al. (2016) studied the effect of the surface roughness on the fretting fatigue
behaviour of doubldap bolted joints. They found that the fretting damage was less severe in
coated surfaces and the crack initiation site occurred at the hole edtetldeipresence of
a stress concentratiaimere However, for the uncoated specirgetihe crack initiation site

was found at a distance away from the laold wascaused by fretting fatigue.

2.2.3 Relative displacement in slipcritical connections

Figure 2.5 shws a typical load versus relative displacemeaurve for aslip-critical
bolted connectiontested undestatic tensile loadg conditions, and identifiethe different
stagesencountered inukh a test (Minguez and Vogw&006) At the slip resistanceasge,
the loadis transmitted by friction between the contacting surfaEesing this stage, the
contacting platedeformelasticallyunderthe applied tensile loads. Once the slip resistance
load is reached, the applied tensile load cawdip between the connected plategich
continues until the bolt begins to bear against the plate, at which gh@intonnection
becomes dearing connection. e load issubsequentlyransferred by bearing of the bolts

against the plates until failurecurs.
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Figure 2.5 Typicalloaddisplacement curve of a slip critiaadnnection ljased on Figure 3 froMinguez
and Vogwell2006).

When a slipcritical bolted connection is subjected to fatigue loads lavan its slip
resistance, relative displacements of small magnitude will occur at the contact interface of
the connected platedepending on the magnitude of the external cyclic load. The induced
relative displacement changes in phase with the appliegguéaloadsi.e., the maximum
fatigumew |l oamduceés a maxi mum relative mgi spl ac
induces a lower relative displaceme(®revoisier et al. 2012)Consequenyl, the induced
frictional force along thecontact interfaceconstantly variebetweena maximum and a

minimum value.

The relative motion between the platesuses fretting fatigue damage at the contact
interface angroducesstress concentrations at some distance away from the holeleege
to fretting (Xu et al. 2016)The varying relative displacement can be measured using a
Digital Image Correlation (DIC) systemuchasthatshown in Figure 2.§@JimenezPefa et
al. 2017) This technique requires high resolution camerasaddta acquisition HAQ)
system for capturing the specimen images with speckle patterns on its surface. The images
are analyzed in order to determine the displacement and strain fields in an area of interest of

the sample.
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Figure 2.6 DIC setup to measure the displacements during fatigue tests (JirRerfiezet al. 2017).

Figure 2.7 shows an image captured using the DIC techrofuebolted specimen
subjected to fatigue loads. The relative displacemesitvden the three plates was
determined and Crevoisier et al. (2012) used that informationbtain the frictional
properties at the contact interface. Nesladek et al. (2012) used the Digital Image Correlation
(DIC) technique to measure the displacemesiigins and estimadefriction coefficients
during fretting fatigue tests. According to them, the DIC technique provided enough
information, such as local displacements in the vicinity of the -slipkinterface, and was

very usefulin calibrating the frction coefficient for aaumerical model

Mello et al. (2017) usethe DICtechnique to measure the strains during fatigue tests.
They statd that DIC results can be biasdyy producing drift, spatial distortions and
magnification unceainties which reqired correctionbased on the image of a certified
grid. In addition, the technique hagher disadvantagessuch as the dependence the
quality of the images taken during the tests, and difficulties in measuring the deformations
with a discontinuity in he specimens. The light necessary for the realization of the tests can

be natural light, although sometimes external light sources are used to improve the quality of

the images.
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Figure 2.7 Image capturedfa bolted specimen using a DIC system during a fatigue test (Crevoisier et
al. 2012).

2.3 Fatigue Characterization

2.3.1 Initial considerations

The improvement of the fatiguesistanceof a bolted connection is a challenging field
due to the numerous factofaround fifty) that affect the fatigue behavio of bolted
connections. Among them, the most important variables are pretension of thetHmolts,
number of bolts, bolsize, bolt ad plate material propertieshe coefficient of friction
between plates, the frequency of cyclic load, stress amplitude, mean load, andinldfects
materials (Minguez and VogweHB006). Fatigue failure is one of the most common and
complex failure mechasms experienced in bolted connections due to themplex
geometrieswhich producestressconcentratiorsiteswithin the connected plates (Xu et al.
2016). Stress concentrations can occur around the drilled hole because of the change in

geometry and imperfectionantroducedduring the drilling process (Chakherlou et al. 2010).

2.3.2 Definition of fatigue and cyclic load parameters
According to Hamrock et al. (1999), the fatigue strength of a structural component is the
stress level at which fracture occurseafbeing subjected togiven number of cycles. The

number of cycles that are needed to cause fracture at a specific stressdefiaki as the
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fatigue life (Fisher et all998) Hamrock et al. (1999Iso summarizes the main parameters
associated wiht cyclic loading. e st r e s)ss defisedag the algébraic difference

bet ween t hewmandmummid(ilawm|(iktd stressed. The
Is calculated as half of the stress raregedthe stresa | t er nat es abowt t he
which is the average between the maximum and minimum stresses appliedadload)

cycle These variables are shown in Figurefdr&a norzero mean stress antaximum and

minimum tensile stresses.
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Stress N
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Figure 2.8 Definition of parameters associated wighnsile stresses.

The belaviour of astructural componerstubjected to cyclic loadindepends on the type
of fatigue regimesuch as low cycle fatigue or high cycle fatigue. Low cycle fatigue failure
occus when the applied stress range is hggtough to causplastic strains. The low cycle
fatigue test is generally conducted under controlled stkigh cycle fatigue occurwith
low stress ranges that cause elastic strains in the structural components. In other words, if
the magnitude of the applied stress range is high, the number of cycles to failure will be low,
whereas if the magnitude of the applied stress range is hewjumber of cycles to failure

will be high

According to Woo (2017)there are three different kinds of cyclic loadingsed for
fatigue testing reverse stress cycles, repeated stress gyales random stress cycles.
Stresseshat fluctuatesymmetricaly abouta mean stressf zeroaretermedreverse stress
cycles. A repeated stress cygkhown in Figure 2)8occurs whernthe stress amplitude

remains constant but thmaximum and minimunstresses differ in magnitud&®andom
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stress cycling occurs whehe gplied fatigue loadingraries randomlyin amplitude and

frequencywith respect to time.

2.3.3 The SN curve
The resultsof a series of fatigue testse plotted in a lodgpg graph of thestressrange
versus the number of cycles to failu&tress range veaiumbe of cycles to failure (N)
curves are used to determine the probable fatigue life of a structural element and are based
on the average fatigue life of a givéype of detail The SN curves fo different detail
categories fostrudural steel are availédin CSA Standard S164 andareshown in Fgure
2.9. The &N curve forDetail Category Bappliesto bolted connections. In order to define
the SN curve of a material, many tests are required to get the number of cycles and apply

statistically varied stress ranges, mean stresses, and stres@-iatier 1977).

1000 T T
— T
— —q 1 1 : | R - 4
+ L» - —
™ A | | | &
~ ‘ Il ‘ [TT] ‘ 2
>B\\ .l . rll 4 - t
‘ &
© | | | w
S \c\hy ‘ B |
‘ [ w \
}\ \D\Cl N——p—-—-w o o e o o ol A
w \E | :\ [
@ W NN T NN
‘éb 100 I \\ N\ o o ol - - B
© —— . \ NR o —— 41
= \‘El T NS I ) e S A . LI B1 C1
o NEEnh: N ] H . g
& - I NEEE S~ | L]
v EE ‘ \»\ ‘ \\L \\A — =l NN~~~
r N TR 'k%'w-—* D
— ! \ \\ \ N:N"‘
| o ~
1 \ N I~~~ [
T gt E
| | TN\ \\\‘L
! 1 = ! !
‘ \t\-a_l- LLH] 1
N\L‘Nw
[ ‘ [T
10 1 i Il | ‘ L ‘
10° 10° 107 10%

Number of stress cycles, N

Figure 2.9 SN curves for different detail categories available in CSA-$4&and CSA S@4 (Source:
Figure 1, CSA S1441 Design of steel structures. © 2014 Canadian Standards Association)



The SN curve for Detail Category B was developed Ithe National Cooperative
Highway Research ProgranNCHRP sponsored bythe American Association of State
Highway and Transportation OfficialAASHTO) after conducting fatigue tests on high
strength boltedshear splices in &atigue strength study of steel bemmith transverse
stiffeners and attachments (FishE377). The test results are shown in Figure 2.10 along
with the SN curve of Detail Category Bwhich was developed using 5% fractile values
with a 95% confidence limit(i.e., 95% of the sampledid not fail within the specified
number of cycles at the applied stress rau(gisher 1977). The results are scattered at every
stress range. This is due ttte different configurations of samples used during the tests. It
was also found that the number of bolts in a line does not affect the fatigue behaviour of a
bolted connectioifKulak et al. 1987)The data generated by fatigue segte generally very
scatterecso thatan SN c ur ve b e c o mauwve oftheddatd (BlertzbedPI6t 6 6
Therefore, fatigue life and limits are specified in terms of probabititthe AASHTO sudy

(Figure 2.10)the scatter in fatigue life decredsss applied stressngeincrease.
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Figure 2.10 Fatigue test results of bolted connectiosed for the development of theNScurve for

Detail Catgory B (based on Figure 46 froRisheret al. 1998 "Copyright © American Institute of Steel

ConstructionReprinted with permission. All rights reservgd."
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An applied stress range lower than the endurance limit will not cause fatigue failure,
regardless of the number of cycles (Hertzberg 198@&)neider and Maddox (2003) state
that the endurance limit is generally defined for matendlen the number of cyes to
failure exceeddetween 2 x 10and 10 cycles.At the endurancéimit, the stress range of
the SN curve becomes horizontal with respect to the number of cycles. It is also possible
that an endurance limit is not present in aN 8urve. In this cse, the stress will decrease
continually as the number of cycles increases. If there is no endurance limit, fatigue failure
will eventually occur regardless of the magnitude of the applied stress.

The fatigue life of a structural element can be determus@tythe principles ofracture
mechanicsMost of the timethis approacls very challenging becauskee parameters like
the size and shape of the initial defect dhdstress gradient at the defettould be known
in advancgKulak et al. 1987). As aonsequence, experimental fatigue tests are conducted
in order to determine the fatigue life of specimens at different stress targ#ainthe SN

curves.

In order to define the-8l curve, he specimesimust be subjected to cyclic stresses at a
consant stress range, and the number of cycles to failure must be measured. This procedure
must be repeated successivelith variousstressranges Hamrock et al. (1999) explan
that the data must be plotted as stress amplitude (S) weeslagiarithm of the number of
cycles to failure to generate theNScurve. They alsandicatethat the results from these
tests are very sensitive to the specimen alignment and the frequency of the cycles, which can

lead to errors in the results.

In real life situatbns, the streseangeor frequency may vary with time, as stated by
Hamrock et al. (1999). This is not the case when fatigue testing is perforradadboratory
setting The tests can beonstantstress or strain controlled, as described by Hertzberg
(199%6). Stress controlled means that the tests are carried out under load control mode, while
in strain controlled tests, the strains are controlled during the experiments. In both cases,
cyclic hardening or cyclic softening can occur. Cyclic hardening oosben the cyclic
strain becomes smaller undesnstantstress amplitude. Cyclic softening implies that the

stress to maintaioonstanstrain amplitude decreases with the number of cycles.
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The Manual on fatistical Planning and Analysis fordtigue Experiments (Little and
Jebe 1975) recommends that if there is no previous experimeNtaluBve, the number of
stress levels tested must be between six and eight. For preliminary tests, one or two
specimens should be used per stress level. Then, in order ¢vaacbiiable results, between
12 and 24 specimens must be tested, using at least four specimens per stress level. One of
the main characteristics tdtigue tesresultsusedto define SN curves is that they are very
scattered (Schneider and Maddox 200@)ich necessitates the use of replicate specimens.
Two main reasons for the variability of the results dight differences amonthe samples

or the experimera conditions which may not bearefullycontrolled during fatigue tests.

2.3.4 Specimen type

Dieter (1961) explainshat there are two kinds of fatigue tests for bolted connections

1. Testsconducted with real geometried

2. Tests conducted with simple geometries.

Both kinds of tests try to replicate the behaviour of bolted connectibhe tests witheal
geometries try to replicate the exact behaviour of the structural components assembled with
bolted connectian when subjected to different stress amplitudes. This kind of test is
important because it can simulate the dblt o nnecti onds behaviour
service loads, and this is sometimes necessary to acquire the complete knowledge of the

causes of failure and to prevent tieeurrence ofailure during the servickfe.

In general, theest with realgeometrie are complicated and requitee use numerical
tools like finite element analysis to identify the stress concentration sites and the strains in
the areas of interesReal geometry tests more difficuld conductdue to a number of
requirements to replita the actual structural behaur. Wavish et al. (2009) stat#isat
tests with complex geometries are limited because they are expensikeahsome cases
in which it is possible to simulate the behaviour of a real component using a simple
geometry. ©nsequently, simple geometries are generally used, but it is difficult to replicate

the exact behaviour of the real component.

Teststhat use specimens with simple geometries can be used to determine the stress

concentration sites and the strains in thatact zone, making the proceduraatively
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simple. If the simple geometriests can replicate the loading configuration of the real
structure, then these types of experiments can provide suffycietiaied informationfor
understanding the failure behaur of the real structure. Kulak et al. (1980ggestedhat
conducting fatigue tests using simple geometries under controlled conditions using
representative variables can provide enough information about the behaviour of the original

structural assentils.

The different types asimple geometrgpecimens that have been used for fatigue testing
of bolted connections found in the scientific literatiaee summarized ifmable 2.1
Aluminum alloyswerethe focus of most of these investigations becaugsheofmportance
in aerospace structures. Most of the studies chose to use -thqulilelted connections to
avoid the eccentricity that occurs in sindgg@ connections. Also, most of the authors just
used one bolt in the connection. The dimensions oflitegpand boltsaried,depending on
the platematerial,theapplied loads and objectives of the studies.

Table 2.2showsthe different levels ofbolt tensionor bolt torque applied by different
authors in their experiments. Most of them found that fatigue life was improved when pre
tension was increased and their results allowed them to find the optimutenpien loadr
tightening torquefor improving fatigie life. The optimum level varied depending on the

materials used.

22



Table 2.1: Specimentypes used by different authors in fretting fatigue tests of bolted

connections.

Number of Plate Bolt
Reference Type of specimen bolts Plate material thickness Diameter
Maximov et al
(2012) Singlelap One Carbon Steel 12 mm M12
JimenesPena et al High Strength
(2017) Singlelap One Steel 6 mm M16
Aluminum
Starikov (2004) Singlelap One alloy 3mm 6 mm
Ferjaoui et al Aluminum
(2014) Doublelap One alloy 4 mm 8 mm
Shanka=and Aluminum
Dhamari (2002 Doublelap One alloy 3.2mm 5mm
Chakherlou et al Aluminum
(2011) Doublelap Two alloy 3.2mm M6
Esmaeli et al Aluminum
(2014) Doublelap One alloy 2mm M5
Reverse double Aluminum
Liu et al (2010) dog bone Four alloy 7 mm 6 mm
Benhaddou et al Aluminum 7.5 mm and
(2014) Doublelap One alloy 2.5 mm 6 mm
Minguez et al Aluminum 5 mm and 2
(2006) Doublelap Two alloy mm M5
Chakherlou et al. Aluminum
(2012 Doublelap One alloy 3.2mm 6 mm
Xu et al (2016) Singlelap Two Steel 5 mm M20
Rezgui Maleki et al Aluminum
(2012) Singlelap One alloy 5mm 6 mm
Hamalainen et al High Strength
(2015) Doublelap Two Steel 6 mm M16

Table 2.2: Different levels of clamping forceor tightening torque used for tests.

Bolt

Reference Diameter

Number of pre-tension levels or torque

JimenesPena et al. (2017 Three (58%, 88% and 100% of design preload fo 16 mm

Chakherlou et al. (2011) Three (0.25 Nm, 2 N'm, 4 N-m) 6 mm
Esmaeli et al. (2014) Seven (from 1 to 7 hin) 5 mm
Liu et al. (2010) Five (from 5 kN to 9 KN) 6 mm
Benhaddou et al. (2014) Three (5.9 kN, 11.7 kN, 17.6 kN) 6 mm
Minguezet al. (2006) Four (1 Nm, 2.3 Nm, 3.5 Nm, 8 Nm) S mm

6 mm

Rezgui Maleki et al. (201z Eight (from 0 to 8 Nm)
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2.4 Fretting fatigue in bolted connections

Although there are a number of factors associated with the fatigue failure of bolted
connections, the leading failummechanism consists dfetting induced surface damage
which promotes early crack initiatioalong the contact interfacefretting fatigue ocurs
under acombination of contact pressure due to bold pretension and ratatitren between the
platescaused by the externally applied fatigoads(Hamalainen and Bjork 2015). The stress
concentrationthat occursat the bolt hole under bearing contions is decreased byoolt
pretension (Chakhkeu et al. 2007), which results fnetting fatigue stress concentration sites
developingat the boundary betweehe stick and slip regiosma certain distance away frothe
bolt hole. This stress concentratisite promotes early crack initiation and subsequent failuas

shown in Figure 2.11.

Benhamena et al. (2011) identified the amplitude of relativplatisment and the
contact forceas the main variables influencing fretting fatigue. This small displacement
between the surfaces can induce surface dartegecausesucleation and subsequent
propagation of cracksvithin the contact zone. According to Fisher et al. (1998), the
differertial strain between the connectplhtesis highest at the contact interface near the
ends of a bolted connection; consequently, crack initiation due to fretting fatigue-in slip

critical bolted connections occuckse tathe first or last bolt hole in anle.
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Figure 2.11 Fretting fatigue surface at the hole arigentifying the stick and slip regions and showing

the fatigue crack that developed at the boundary between the two reljioesezPefia et ak017).
24



The induced frictionalktresses alonghe contact interface around the stick and slip
regions as calculated using finite element analysis (KE&) shown in Figure 2.12
(JimenezPefia et al. 2017). The higher stresses are concentrated aroundtiddes|yar
region at a distance away from the hole edge. Lower stresses (yellow area) are imduced
the global slip region where fretting wear takes place. The area around thevd®le
subjected tocompressive stresses due to the clamping force appligtebypolts, which

creates the stick region.

Figure 2.12 Tangentialfrictional) stresses in thgtick andslip regionsaroundthe hole area (Jimenez
Pefia et al. 2017).

Fretting fatigue crack initiation sitegeusuallylocatedat a certain distance away from
the first hole of the loaded bolted connectias seen in Figure 2.13 (Xu et al. 201i®)
fretting fatigue there isgenerally not only one crack initiation sitebut multiple crack
initiation sites that nucleate at the partial slip zone where the stress concentration and the
fretting damage are higher. The multiple crack iniatsites cannot be detected easily
during he experiment with measuring togésg. scanning electron microscope).
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Figure 2.13 Fretting fatigue crack initiation zone in a bolted connecdfim et al. 2016CC BY 4.0.

Brown et al. (2007) tested double lap bolted joints with four bolts under fatigue loading
conditions. The holes in the specimens we@de usinglifferent techniques (drilled and
punchel), and they found that slip critical connections have a better fatigue behaviour than
bearing type connections. Also, they found that the hole manufacturing method did not have

any influence on the fatigue life of slgsitical connections.

When the contz force between the plates is increased by increasing the bolt pretension,
the fatigue lifealso increase¢éBenhamena et al. 2011). It has been found that the crack
initiation site changes when a pretension loaajpiglied to the bolts. Crack initiatiorcaurs
very close to hole edge when the clamping force is low, while it occurs at a certain distance

away from the hole due to partial slip when the pretension is high.

Different slip amplitudes can cause differearhountsof fretting wear between the
surfaces in contagtas shown in Figure 2.186hen et al(2015)showed that athe relative
slip amplitude increased resultedin earliercrack initiationdue to theincreasedretting
that occurredin this contextpartial slip must be distinguished fragnoss slipdue to their

different effects on frettingnd crack initiation

JiménezPenfa et al. (2017) conducted fatigue tests on bolted connections using different
levels of pretension explainingthat they did not find enough information in tlterature
about fretting fatiguewithin bolted connectionsThey identified the torque applied to the
bolt as the most significant variable that affects the fatigue behasfoarhigh strength
structural bolted connection. They used single lap boltednection specimensvith a
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single boltto conduct the tests and designed the specimens according Eurtteode 3
standardBritish Standards InstitutioB005) They considered three differeiorque levels
58%, 88% and 100% of the design preload, as resamded by the standard. Fatigueuesl

of the specimens occurred dhe contact area and the crack initiation site was always
located at the intersection between the stick and slip regiwwayg from the hole. They also

concludedhatanincrease in préension load improved the fatigue life of the specimens.

Fretting |
induced crack

Figure 2.14 Fretting damage on the surface close to the hole étlmakberlou et al. 20)1

Esmaeili et al. (2014pbservedthat an improvementin fatigue strengthcould be
attributedto the increase in frictional forces between the plates and decrease in bearing
forces betweethe bolt and the holes bolt pretension increasedlso, they believed that
the compressive stressapplied by the bts contributed to a reduction of the concentration
of tangential forces at the partial slip region where crack initiasicaused

Neu(2011) reviewed the different standards related to fretting fatigue and found a small
number of testing standards for fretting fatigue.ifhesearch work explained that the main
obstacle for developing a standard for fretting fatiguesteasthat thee are many variables
that needto be studied. For conducting experimental fretting fatigue analysis, the only
generic standard test method available was developéldellapan Society of Mechanical
Engineers (JSME) in 2002. Neu also explained that ASTM tasup E08.05.05 was
developinga standard fretting fatigue test methadd that their main objective was to
define terminology anthe means of collecting and reporting data.
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In order to understand the fretting failure behawiof bolted connections, the focus
must be on understanding the mechanism of crack initiation and propagation. However,
crack initiation sites are difficult to determine during experiments because these are often
located within the closed contact interface and nabkisduring the test (Ferjaoui et al.
2014). Dieter (1961) described the threstages infretting fatigue failure of bolted
connections First, the crack initiatewithin the partial slip regioron the contact surface.
Next, the crack grows or propagatesa direction normal to the applied load. Finally,
failure occurs when the &ack grows larger than the critical lengmdthe remaining cross

sectional area decreases

Two kinds of features can be found on the fracture surface generafatigoy crak
propagation (Hertzber996): striations, which are microscopic parallel lines; and beach
marks, which appear in a ring pattern that expand from the origin of the crack. Both of them
allow ascertaining the location of the crack tip at some point in tikism, ratchet lines
which indicate multiple crack initiation sites and fracture plaree typical of fretting
fatigue fracture surfacess shown in Figure 2.1 a ductile material such as steel, the
crack propagates by plastic blunting and shangemit the crack front. The characteristic
feature of the fracture surface is the presence of striateshshown in Figure 2.1&ach
striation indicates the successive position of the advancing crack front at the end of each

load cycle. The presence dfiations on a fracture surface suggests fatigue failure.

Fracture surface

MULTIPLE CRACK INITIATION SITES

1
A-A

TENSILE FRACTURE

Figure 2.15 Fracture surface analysis of a fretting fatigue failure (Jim&efia et al017).
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Hamrock et al. (1999) explained that without any magnification, a surface that has failed
by fatigue looks like a brittle failure surface, due to the presence of a planar surface that is
generated perpendicular to the applied stress. Howeverngaefdailure surface has other
featuresevident under magnificatiotg distinguish it from a brittle failure surface.

| Fatigue crack ~ o [
propagation zone Wy, 5 ;/ :
. ~ ‘A N W

Fatigue striation

Figure 2.16 Striations found on the fracture surface caused by frefditigue Xu et al. 2016 CC BY
4.0.

The fatigue fractursurface must be analyzed using microscopic images such as the one
shown in Figure 2.17During this analysis, the smooth region and the rouglomemiust be
identified. Dieter (1961) descridghe smooth region as the area in which the initial crack
propagation has occurred very slowly. It is smooth because of the friction caused by the
relativemovement of the fracture surfacésthe crack propaation zonecrack propagation
occursat a high ratereducing the cross sectional area of the elerleéigure 2.17) The
rough regionn this figureis the area where ductile failure ocmdabecause theemaining
intactcross section wa nolonger able taesist the load. Normally, the initial cracks cannot
be seen by the naked eye. Also, the cyclic loads can produce microscopic superficial
discontinuities on the surface that are caused by the constant movement of dislocations.
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Fatigue crack Fatigue crack Transient
| initiation zone L propagation zone L fracture zone J

[ Sites of fretting fatigue crack initiation | |(Zonlacl surface between plales| I Side edge of the plate I

Figure 2.17 Fracture surface zones caused due to a fretting fatigue féfluret al. 2016CC BY 4.0.

The surface profile and the microstructure of the material that is tested is very important,
because any defect will affect the fatigue strength. This is one of the reasons for conducting
a microscopic analysis (Ma et al. 2010). It must also be deterniittexicrack initiated at a

pre-existing flawthat was presefefore cyclic loading was initiated.

2.5 Bending effectin single-lap joints

When tensile loads are applied to a single lap bolted joint, local bending is induced in the
connection because thersile forces in the two platese not concentricThe longitudinal
axes of the connected plates aeparatd by an eccentricityas shown in Figure 2.18he
internal bending moment produced by the eccentricity between the lines of action of the

applied tensile loadsfluences the behaviour of the specimElRi{ and Schn 2005).

ammmmA T

| —_ -

M=T-e/2 M=T-e/2
Figure 2.18 Schematiaepreserdtion (free body diagram) showirthe bendingnoment generated by the
eccentricity between the applied tensile logdssingle lap bolted joingpecimen

The tensile strength of single lap joints is reduced by the bending effect when they are
loaded by wtic tensile loadsaccording to Ekh and Schon (2005). During fatigue testing,
Schijve et al. (2009bbserved thathe secondary bending effect cadislee hole edges to
comein contact with the shank of the balt higher fatigueloads. A similar effect as
reported by Evans (1993)ho also foundhat the fretting effect combined with the bending
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effect caused crack initiaticl occurat the hole edgeduring fatigue tests,which redued

their fatigue lives.

local stresses at the holes of bolted connections and reduce their fatiguadogeding to
Schijve et al. (2009). Owdf-plane displacementdue to bendingyenerate higheoverall

The bending effect combined witiensile stresseduring fatigue testingan increase

stressesas shownin Figure 2.19. Theeombined effects ofensile and bending stresses

amplify the stress concentration at the hole of the bolted conngatidrihe effect increases

asthe applied stress rangereasesThe specimen used to generate this graph consiéted o

a

to the stress concentration at the hole edge at the contact interface, where tensile strains are
oi{ b endihmaqg arespdhds aostlse tegdumtion df e

S i

ngl e

hi gher .

|l ap bo

On t he

|l ted joint

stress that occurs on the opposite surface of the plate.

Figure 2.19 Resultant stress due to the bending and tensile etrésa single lap bolted joint specimen
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Ekh et al. (2005) measured the lateral displacements of single lap joints subjected to
fatigue loadhg using a digital speckle photography (DSP) technique. The specimens
consisted of bearing connections ameke assembled with two and four bol&s shown in
Figure 2.20the magnified deformed shapes of the specimens showed a bending effect. The
pl ateds curvature at wasneasdradarslcompackt thetwd t he
specimen typesThe value of themaximum curvaturefor the two-bolt assembly was
0.003 mm', whereas the value for four bolt specimens :@915mm™. As a result, itvas
concluded that increasing the number of bolts and the overlap length decreases the bending

effect in single lap bolted connections.

Figure 2.20 Lateral deflections induced by the bending effedingle lap bolted joints, as measured by
Ekhand Schén (2005) and Ekhal. (2009: (a) deflected shape of a specimen witfotbolts in a line
subjected to aB kN load, andb) deflected shape of a specimen withuif bolts in a linesubjected toa

18 kN load

Minguez and Vogwel{2006 studied thenfluence of the clamping forcendhe fretting
fatigue behavior of both singldap and doubkap bolted connections. Nine singbp
samples werdgestedwith very thin plates to minimize thkendingeffect caused bythe
asymmetric configuratio(shown in Figure 2.21). Thirtgeven samples were tested wiib
doublelap configuration They found that the bending moment caused by the distation
the singlelap joint configuration was the main factor to cause failure. Also, they concluded
that specimens withthick plates in doublap bolted connections benefit more from

higherpre-tension load in terms ofmprovanent infatigue life tharthose withthin plates.
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Figure 2.21 Single lap bolted connection deformeg bending (Minguez and Vogwe2D06).

2.6 Summary of Literature review

Fretting fatigue is reported as the main cause of failure incshlipal bolted
connections. Tensile fatigue loads applied to a-dglifical connection generate relative
displacements at the contact interface, which produeagential or frictional fce on the
contact surfacesThe pretensioned bolts apply a clamping force, which generates a normal
load in the connectiohetween the plate3 he stress concentratitimat is formeddue to the
combinedtangential and normastressesinitiates a crack inthe gross section of the

connected plates.

Crack initiation occursalong theboundary betweem stick region close to the hole,
where the maximum clamping pressure exiatgja global slip regiorfurther away from
the hole. The boundary between the two regionsn@®vn as the partial stieglip region.
This region is generally located a certain distance away from the hole. When fretting fatigue
occurs, multiple crack initiation sites are generatedhe partial slip region due to the
relative displacements of small magnitude. The multiple initiated ciamkescdo form a
leading crack, which propagates until the cross section of the plate is reduced so that it

cannot resist the applied fatigioads.

The two most important variablethat affect the fatigue behavioun slip-critical
connections are the slip coefficient and the bolt pretension. The focus of most of the
scientific studies has been the bolt pretension and it has been conclutattigher levels
of bolt pretension improve the fatigue life of a bolted connection because larger stick
regions are created and the magnitude of the relative displacements at the contactimterface
reducedHowever, it is important to compare the irghce of different types of bolts that
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apply equal pretension loads on the fatigue behaviour of bolted connections. This
comparison would allowhe determination oivhether the geometry of the bolt head and the

method of installation are variables that dddae accounted for.

There arenot manystudies about the influence of the surface fintshthe fatigue
behaviour of bolted connections. It is reported that coated surfaces have a better behaviour
than uncoated surfaces because coatings can reduce slafaage at the contact interface
and further delay the crack initiation on the virgin contact surfddesause of the limited
data available it is important to study the influence of surface finish on the fatigue
behaviour of sligcritical connectionsincludingan investigation ofhe crack initiation sites,

fatigue life,and other relevant parameters

Double lap bolted joints are preferred over single lap bolted joints because they are
symmetric and the load does not generate bending stresgesxagsriencedin single lap
joints. The bending effect is reporténl bea stress raiser, which increases liheal stress
range applied by the tensile fatigue loads. The bending stresses can reduce the fatigue life of
the connection and generate crack inibiatat the hole edgélowever, most of the scientific
studies in which single lap bolted specimens were used did not report that the specimens

suffered a reduction in fatigue life due to bending stresses.
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CHAPTER 3

METHODOLOGY

3.1 Overview

The frettingfatigue failure behawur of slip-critical single lap jointbolted connections
was characterized using an experimeptaigram The bolted specimens were subjected to
quaststatic tensile testing to obtain the slip resistance aridtigue tstingto characterize

the fretting fatigue failure behaviour. Two variables were investigated:

1. Type of contact surface finiskClass A andClass B as defined in CSA S184); and
2. Bolt type (ASTM A325 structurahigh strengthbolts (HSB) and C50LR Hucktension

control bolts)

A summary of the experimental program is provided in Table 3.1. The A325 HSB were
used withClass A andClass B surface finiggsand the C50LR Huck tension control bolts
were useanly with a Class B surface finishEach type of specimen wdssted until failure
under several different stress rangesl the total number of cycles to failure was recorded
for obtaining the SN curve.For some of the testshe displacements between the contact
surfaces were measured usandigital image correlation (DIC) systemhlsettercharacterize
the fretting phenomenon at the contact interfacgost failure analysis was carried out
using a scanning electron microscope (SEM) and an optical microscope for analyzing the
fracture behawour and thefretting effect.On average, at least three specimens were tested at
each stress level. However, higher number of samples was tested at low stress levels where
the results were variable with higher coefficients of variatidn.stresses closeto the

endurance limit, a better estimate was wanted with a higher number of samples.
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Table 3.1: Summary of fatigue experimental program

Bolt tvpe Surface Maximum load Stress range Number of
yp finish (% of slip resistance) (lmax - Umin) (MPa) fatigue samples
A325 High strength 64.%%6 33.0 1
Class A _ . .
bolts (1 bolt) 3 samples tested under static test to measure slip resistar
64.6% 103.3 1
76.%% 122.1 5
Class A 85.24 136.2 3
94.0% 150.3 7
A325 Highstrength 5 sampI;eGS ;()e/sted under statlclj;ezst1 to measure S|IF; resistar
bolts (6 bolts) -970 :
57.8% 150.3 2
65.0% 169.0 3
Class B 72.2% 187.8 2
83.1% 216.0 3
3 samples tested under static test to measure slip resistar
44.%% 122.1 2
: : 8
C50LR Huck tension Class B gj ;jo 128 g 4
control bolts (6 bolts) 70 '
68.4% 187.8 3
6 samples tested under static test to measureesigtance
Number of tests 63
3.2 Materials
3.2.1 Plates

3.2.1.1Grade and size

The specimerplate material, types of surface finish, type of bolts, bolt diangtes of
connection, the specimen geometry, and the number of bolts were chosen based on the
literaturereview combined with preliminary experiment€SA G20.21 Grade 300W steel
was selected for thglate materiatiue to its common use steel structuredAs discussed in
Section 3.3.1, e geometry of the plates was defined based on the limit siategn
requirements oCSA S1614. The specimen platdsad a width of 50.8 nrm (2 inches)and
thickness of 9.525 mm (3/8 inche$he positions of the holes, minimum edge distaarue
the pitch were selectad accordance witlCSA S1614 (2014) Clauses 22.3.1 and 22.3,2

and are described further in Section.3.3
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3.2.1.2Surface finishes

Two types of sudcefinish wereusedfor the specimeplates. The Class A and Class B
surface finishes were chosewcording to Table 3 of CSA S8l (2014). The Class A
surface finish waanasreceivedunpainted clean ithscale steel surface finishh&é Class B
surfacefinish was obtained by applyinG@athacoat 302HEBmanufactured bynternational
Paint LLC USA) on the sandblastcleanedsurface, ashown in Figure 3. The coating is a
reinforced inorganic zinc primarsed forcathodic protection ofteel structureghat also
satisfies the slip requirement of a Classs@face finish.The average thickness the
coatings 1 0 @ccaeding to the manufacturdrhe blastclearing process of the surface
was done at Engineering Shop$ie applicathn of the coating on the sampdeairfacesafter
they were sand blasted was done by Totally Blasted (Saskabecalise an industrial

facility was needed due to health, safety and environmental standards and regulations.

Figure 3.1 Specimerplates with Class Burface finish

3.2.1.3Surface characterization

Two parametersvere measured for characterizing the surface firsshface roughness
and coefficient of frictionThe surface roughness was measured witditutoyo S3201
roughness tester available in the Structures ltalfine tip detectoquantified the roughness
based on theneasurementdf height profiles of the surfacd&he ti p has a radi
travels a sampling length of 0.25 mmand one sample length was used for each
measurement. As the tip traked along a straigHine, theundulations othe surfacerofile
wereconverted into electrical signalshich werethen converted intooughness parameters

and recorded as shown ingire 322 The roughness was measur ed
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Wi

was

th a precision of N 0.03 &m.

calibrated using a reference specimen.

Figure 3.2 Surface roughness measurement deMdaetoyo S3201.

The parameters used to quantify suefaceroughnessvere:

1.

2
3.
4

The arithmetic mean deviation of the profile)(R

. The root mean squaft®MS) deviation of the profile (f
The maximum height of the profil&¢)

. The tenpoint height of irregularities (R

Bef or e

carr

Rais the arithmetic mean of the absolute values of the heights and depths measured from

the meanline of measuremen®y providesthe sum of thdaeightof the highest poinand the
depth of the deepest point of the profile; B an overview of the irregularities of the
measured surfacandis calculated as the sum of the mean vabfehefive highestpoints

and five deepegtoints of the profileRq is the square root of theean of tle sum of squares

of profile deviations from the mean line of measuremémttotal, 60 measurements

surface roughnessgere taken for each type of surface finish.

The coefficients of static and kinetic friction wedetermined experimentallysing
coefficient of friction test equipment located in the Physics lmalkthe Department of
Physics and Engineering Physics at the University of Saskatch@warmoefficient of static
friction was obtained by placingvo plates with the required surface finishcontact on an
inclining planeasshown in Figure 3.3The fixedplate was clamped on tilstanted surface
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and a small plate was placed on top of the fixed plate. Then, the angle of the slanted surface
was increased gradually until the smpliate startd to slide. When sliding occurrethe

friction force at the contacting interface was no longer able to resist the component of the
pl at e-weight pasallef to the inclined plan@n that basisthe coefficient of static

friction was determined as thengenttot he angl e osf tandrThis equatidni o n
can be obtainedly considering force equilibriurparallel and perpendicular to tiheclined

surface The coefficient of static friction waseasured with a precision ©£f0.009.

Figure 3.3 Coefficient of static friction measuremeagparatus

Since the Class A surface finish wieem the agreceivedmaterial the surface roughness
profile varied along the specimen lengtAs a resultthe number ofcoefficient of static
friction measuements was set to 55. However, the Class B surface finidhahmmiform
profile due to the coating and hence only 36 mesmsents were taken to measure the

coefficient of static friction.

Similar experiments were carried otd determinethe coefficient of kinetic friction
using the experimental set up showmnFigure 3.4 First, the angle of the slanted surface
with the fixed plate whs set at 30for Class A surface finish specimens and &t #6
Class B surface finish specimeiitien, aspark cable holdewas nounted onto the slanting
surface,a strip of sparking tape waattachedto the small plateand the tapavas then
connected to a motor.h€ spark cabléolderwas then afjned on top of the sparking tape.
As the angle of inclination of the slanted surface was high enough so that the small plate

was not static, the small plate was placed on top of the fixed plate and it started to slide
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down When the small plate moved, spark marks were created by the spark cable at a rate of

10 Hz to record the change in positiortlog small plate.

Small plate

Figure 3.4 Kinetic coefficient of friction measurement.

The distance travield by the small plate was obtained by measuring the marks on the
sparking tape using muler and the time taken for the travel westimated by the sparking
frequency The measured distance and time were used to calculate the initial and final
velocities which were then used to determitheaccelerationa, of the small plate. Finally,

t he kinetic c 0 e k) fwasc décalated usnd F+——€ twhereiQis ( €

gravitational accelerationThis equation can be obtained by the summation of forces in
directions parallel angerpendicular to the inclined surface.tttal, 20 measurements were
taken for the Class Ausface and 15 measurements were takemh@®rClass B surface. The
coefficient of kinetic friction was measuwravith a precision of + 0.005.

3.2.2 Bolts

Thetwo bolt types used in this research wa&A®TM A325 structurahigh strengthbolts
(HSB) and C50LR Hucktension control boltgAlcoa Fastening Systems & RingdSA).
These bolts were chosen due to their common use ircrdigal connections for steel
structures and taletermine the effect of these bolt typess the fatiguelife of bolted
connecbns. Bolts with 12.7 mm (1/2 in) diameter were selected for the specimen

assemblies.
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A photograph of an A325 structural high strength bolt, ASTM A563 nut and
ASTM F436 washer used for the bolted assemblies is shown in Figufehia Bype ofbolt
with a heavy hex head is equivalent to an SAE Grade 5 boisandde oimediumcarbon
steel These bolts are commonly used in structural steel joints, inclagimcal mineshatft
guide-bunton gusset plate assemblies. $hecified minimuntensile stength of A325 HSB
is 825 MPa and they are usually designed to be pretensioned, in which case they must be
pretensioned to at least 70% of the bolt tensile streraghrecommended YSA S1614.
The total length of the bolts was 44 mm with a threadegtheof 25 mm.

Figure 3.5 ASTM A325 HS olt, A563 nut and F436 washer.

The C50LR Huck bolt used for this research was a zinc coated tension control bolt with
flanged3LC collar as shown in Figure 3.6. This type of bolt is equivaler@ant8AE Grade
5 bolt made ofmedium carbon steel and meets the requirementshefASTM A325
standardThe collar wasnade of low carbon steelith aninner diametesuitable for a snug
fit to thebolt. The bolthasa longpin-tail that ispulled off during installation when the level
of pretension reaches the desilymit. According to thesupplietr these boltare typically
pretensioned to 70% athe bolttensile strengthDuring installation, lhe collar islocked
with the boltthread as the required bolt pretension is applsdgthe specified installation
tool. The initial bolt length prior to installation was 93 mm with a pintail length of
49.76 mm. The lock grooved (threaded) lengftthe bolt was 22 mm.
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Figure 3.6 C50LR Huck bolt and flange8LC collar.

The level of preension was not measured in any bolt. The-tafrnutmethodwas used
to install theA325 HSB This approachlengthens the shank and the threaded portion to
generate the desired tensiamd is recommended to reach at seahe 70% level of
pretension byCSA S1614. The installation procedufer the C50LR Huckension control
bolts shears thein-tail of the bolt off when thalesired level ofpretension is reached

ensuringthat there is a consistent clamping force applied in the connection.

3.3 Bolted Specimeng Design and Fabrication

3.3.1 Specimen Design Considerations

A singlelap bolted connection configuration was chosen for the experinbectuse
this type of connection is commonly found in many structunesluding in a typical
mineshaft guidduntongusset platassemblyIn addition, this type of connection istbne
most commonly used in scientific studies of thdretting fatigue behaviour of bolted
connections The single lap joint specimenwere designedn such a waythat the slip
resistance was the controllif@ctor. The number of boltfor the assembly waalso selected
based orthe theoretical slip resistanoc&hich increases as thmumber of boltancreases
Consquently, higher fatigue load levelsould be applied tanvestigatethe fretting
phenomenon within the contact surface when a specimen witgeamber of bolts was
used. The specimen plates were designed so that they would not fail due to bearing strength,
net section fracture at the hole, pull out of the bolt and block shsatetermined by the
limit states found in CSA S164, and the failire could only occur after the slguitical

bolted connection samples undergo the-blylt stage. Also, the distance between the centre
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of the holeandthe plate edges and the hdesich were selected as 25 mm and 35 mm,

respectively.

3.3.2 Theoretical Slip resistance

Because the fatigue specimens were intended to represeatitsdipl connections, the
slip resistance of the specimens played an important role in defining the fatigue load levels
to be used for the testshé slip resistanc@/s) wasthereforecalculatedaccording to Guse
13.12.20f CSA S1614 (2014)as follows,

6 ™ EAI T & (3.1)

where

E = Slip coefficient of thesurface finish recommended BSA S1614 (0.3 for Class A and
0.52 for Class B

A Coefficient that relates the mean sligsistance to a 5% probability of slip, as taken
from CSA S1614 depending on the surface finish and pretension method.

m = Number of faying surfaces

n = Numberof bolts

I = Area of the bolt

& = Tensile strength of the bolt

The calculated values of thapsresistancdor differentconditions are given ifable 3.2.
The calculéed slip resitance values were used to select the number of, l@oits then the
limit state (shear strength) of the bolts for #hig critical bolted connectionsas checked

Detailed calculations for specimen design are provided in Appendix A.

Table 3.2: Theoretical dip resistance

Bolt tvoe Surface
yp finish Ks Ccs  Slip resistance (kN)
A325 High strength bolt (bolt) Class A 0.30 1.00 16.50
i Class A 0.30 1.00 99.01
A325 High strength bolt (6 bolts Class B 052 104 178.49
C50LR Huck tension control bol  Class B 0.52 1.04 178.49
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3.3.3 Single bolt assembly

The theoretical slip resistance farsingle bolt assemblwith a Class A surface finish
was 1650 KN. Based on this value plate thickness of 4.76 mmias selectedndthe end
distance from the centr&f the holewas set aB5 mm. The single bolt slip itical bolted
connection assembly is shown in Figure 3.7. Theimam fatigue load of 56% of the slip
resistance was selected to test the assembled specimens. However, this load was not
sufficient to initiate failure. Hence, a new configuration of the desnpas designed with
largernumber of boltsanda largerplate thickness to obtain a higher slip resistance in the

specimens

~— — — —3800.00— — — —=
lf.7625 'EE‘
— 1

‘%‘ 4.767_5:II

| ~70.00~!
-— — — —30000— — — —

L - - - - -~ s — — — — — —

Figure 3.7 Schematic drawing of théngle bolt assemblyDimensionsarein mm).

3.3.4 Six bolt Assembly

The new configuration was designed with six bolts based on the theoretical slip
resistance and was expected to provide sufficient slip resistamtz= permitting a higher
maximum fatigue loadThe selected specimed s t hand deometsy sare shown in
Figure 3.8.The total length of the assembled specimens with A325 HSB and Class A
surface finish was 579 mm. The total length was then reduced to 400 mm for the A325 HSB
and Class B surface fdiour experiments to miimize the secondary bending effect.
Similarly, the total length of the assembled specimens with tensmmnol bolts and Class B
surface finish was set at 400 mm. The overlap lenfthe connectionvaskept at 22Imm

for all the specimens
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Figure 3.8 Schematic drawing of thex bolt assemblyDimensions are in mm).

3.3.5 Boltinstallation

The A325 HSBwere installed using the twof-nut method as described in Cause
23.7.2 of Table 8 of CSA S144 (2014) and 1/3 of a turnrof-nut was used. Before
assembly, an B63 nut ancn F436 washer wereserted onto the bolt and thelt wasthen
snugtightened Then, a rednark was applied to the nut and plate as a benchmarthéor
rotationand, fnally, a 1/3 turn was applied to the nut using a wrench while the head of the
bolt was held to prevenbtation. This procedure is designed to achievbBodt pretension
equal to70%of t he bol t déds tensi ltwoofthe aseemiged bamplesFi g u

using 1/3 of turrof-nut method.

Figure 3.9 A325 HSB bolted specimens.

For installation ofthe tension control bolts, a hydraulic toefuippedwith a nose
assemblyvasused to install the collaonto the bolt. First, the bolt was inserted into the hole
of the plateqFigure 3.10 (a)) and then a collar wal®l orto the bolt, as shown in Figure
3.10b). The next step was to hold the bolt tail using the hydraulic tool (Figure 3.1\ (c))
tensile force was appliedo the bolt tail at the same tinthat acompressive forcevas
appliedto the collar. The bolt tail was then sheared off when the mani pretension load
was applied. The collar was deformieyglthe procedurand locked into the bolt grooves to

maintaina uniform pretension loadlhe only disadvantage of this type of ba#tsemblyis
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that prior to the bolt installation, the specimen pgatmust be aligned without any
misalignment.Once assembled, the bolts can only be removed by splitting the collar. Figure

3.10 @) shows esspecimen assembledth tension control bolts

(@) (b)

(d)

Figure 3.10 Huck boltinstallation procedurga) Bolts placed for installation; (b) Collars placed on the
bolts (c) Nose assembly installing a Huck halbhd(d) Huck bolts installed on specimens.
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3.4 Equipment

3.4.1 MTS 322 Test Frame

The MTS 322 servo hydraulic test machine (Figure 3.11) located in the Materials Lab
was used for both tersiand fatigue tests. The tastadhine isequippedwith a load cell
with a capacityof 250 kN, a maximum stroke range 400 to 100 mmanda maximum
testing frequency of 100 Hz. The position of the actuator could be adjusted depending on the
length of the sample. The machine is equipwét hydraulic grips, which arased to hold
the specimenThe gripping pressure to prevehe slippage was set at 69 MPa. A spacer
with the same thicknesas the specimen plates was used in the grip to mount the

experimental specimens.

Figure 3.11 MTS 322Servohydraulic test machine
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3.4.2 MTS Test Suite Software
The MTS test suite software allows the user to deaignstomizedest program. Two
test programs wereequired for the current exparentalanalysis one forthe tensile tests
and the other for conducting fatigue tests. The tensile test program was used to determine
the slip resistance of theoltedspecimens. Té testprogramrecorded both the applied load
and the actuator displacement and these data were used to determine rdmssipceA
flowchart that shows the processes used for the tensile s&iccen be seen in Appendix
B.

The fatigue test program wasquired todefine the necessary stepsperform the tests
and also to acquire the desired results. Figure shb#s the processesed for the fatigue
tests as a flowcharfThe first step before running the fatigue test w@enter theinput
variables suchas the mean load, tHead range the maximum and the minimugyclic
load and thetest frequency The testprogram balanced all theariables to zero before
running the test. As the fatigue test started, the test progpatied the mean load gradually
to the set value and then defined the cyclic loads to be applied to the specimen. During the
test, the program acquired the number of cycles, actuator displacements, maximum and

minimum fatigue load and the time in secondspectively.
The limit detection of axial displacement wsetusing the test prografor two reaons

1. To gop the machia when the test specimen failed; and
2. To identify the crack initiation by monitoring the change in displacement during the
test.

The secondimit detection was used during the interrupted tdetcribed belovin which a
very small change in displacements was monitored and used for checking the crack

initiation during the test.
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Figure 3.12MTS Test Suite Softwar®r fatigue testing
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3.4.3 Digital Image Correlation (DIC) system

The Digital Image Correlation§IC) system from Correlate8olutions, In¢ USA was
used tocapture specimen images during some of the fatigue ttesteasurethe relative
displacemenbetween the contacting platesorder to better understand the fretting fatigue
behaviour. The DIC equipment consisted of a 5 MPixgh-resolution monodirome
camera, equipped with a® mm f/1.4 compact lensand mounting accessories for the
camera, which included a tripod, aluminum mounting bar, mounting brackets and adjustable
accessories. Two software packages,-$Sthap(version 8,Correlated Soluons, Inc) and
Vic-2D (version 7.2.6Correlated Solutiondnc.), were used along with the DIC hardware
system The VicSnapsoftware was usefbr capturing the images during the test and the

VIC-2D software wa for analyzing the images.

Before using the DIC system for acquiring the imagesh e speci maeréds sur
prepared with specklpatterns.The specimen surfaces were first coatechwihite paint
before generating thepeckle patteshusing black paintas shown in Figure 3.1For best
results, he speckle pattern must be random,-ngpetitive, and isotropic with the maximum
possible contragtlimenezPefia et al. 2017)This was acieved using a rubber stamp that
had been prepared with a random speckle pattern.

Figure 3.13 Speckle pattern DIGample

The procedure to capture the images using the DIC technique was initiated by mounting
the sample on the testing machine. Then, the high resolution camera was positioned to
record images of the area of interest (AOI) without any interference, as shown in
Figure 3.14. As is apparent in Figures 3.13 and 3.14, the area of interest was located along
the side of the specimens to capture the relative displacement between the plates. The
camera was set to suitable focus, brightness, resolution, anglermnast settings and was
connected to the data acquisition system (DAQ) of the DIC prior to capturing images. No

external lights were used for capturing the images during the tests. A reference image was
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captured before running the test and was used tule## the displacement profile of the

loaded specimens.

After setup, the DAQ system was connected to the testing machine to capture its load
signal. When the DIC system detected the maximum and minimum load values in a fatigue
cycle, it triggered the caera to capture the images corresponding to these loads using the
Vic-Snapsoftware The Fulcrum Dialog module of the Vnap software package was used
for synchronizing the captured images with the applied load and the number of Epcles
the first 500cycles, the DIC system was setdetect the load signand then the rate of
acquisitionof imageswas set to every Q@ cycles until 10 000 cycles. Finally, the rate of
acquisition was set to ew 1000 cycles until failureln total, four samples(identified

below)weretested with the DIC system in place to measure the displacements.

Camera

Figure 3.14 DIC camerasetup to measure the AOI.

Before analyzing the images, the DIC system was calibrated so that the pixels of the
images could be converted into length units, in this case millimeters (mm), \lisH&p
software The images were analyzed by comparing the reference image with theedaptu
images. During the experiments, all of the tested specimens failed close to the first bolt at
the top of the specimen where the movable actuator applied the load; the area of interest

(AOI) was therefore selected around the first bolt to measure ldie/eedisplacement. A
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number ofpoints wereselected inside the AOI of both the reference and captured images
and the Vie2D software was used to analyze the images to obiiaén relative

displacements

The DIC system was used to monittwo samples madeith A325 HSB and Class B
surface finish and two samples maasigh C50LR Hucktension control bolts and Class B
surface finish when they were subjected to stress ranges of 150 MPa and 16%hkiPa.
displacements in directions parallel amarmalto the applied load provided evidence about
the relative displacements at the contact interface of the plates. The displacements of many
locations (points) inside the area of interest waaralyzedio betterunderstand thé&etting

fatigue behaviouof the specimens.

3.5 Experimental Procedure

3.5.1 Tensile test procedure

Tensile tests were carried out to determine the slip resistance of tweitatgl bolted
connections and were necessary to verify the theoretical values of the slip resiBtence.
tess were run mder load control with éadingrateof 0.5 kN/s The test set up is shown in
Figure 3.15As the load was applied, the relative displacement between the plates r@ached

maximum when the bolts beghraringagainst the plates, and then the spea failed.

The relative displacement between the plates was measured using laser displacement
sensors (ILD132®0, Micro-Epsilon, USA) capable of measuring displacements with a
precision of £ 60 um. As shown in Figure 3.15, a wood stick was glugtetend of each
plate for measuring the plate displacements using the €ersmam. The displacement of
the wood sticks was equal to the displacement of the individuabplatewas acquired at a
rate of 10 Hz. The difference between the displacemenings of the two sensors was
defined as the relative displacement between the plates. The relative displacements and the
corresponding load were used to determine gkgerimental slip resistance. In total, 17
samples were testdd measure slip resistanaas shownin Table 3.3. Threeingle bolt
assembly specimensere tested during the preliminary experimeris/e specimens for
A325 HSBwith Class A surface finish, three specimens for A325 W&B Class B surface
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finish, and six specimens for tensioontrol boltswith class B surface finish were tested to

obtain the slip resistance.
(@) (b)

Upper grip

Laser
displacement
sensors

Lower grip

Figure 3.15 Tensile test set uga) High strength structural boltgb) Tension control bolts.

Table 3.3: Number of samples for the bp resistancetests

Bolt type Surface finish Number of samples
A325 High strength bolt (1 bolt) Class A 3
: Class A 5
A325 High strength bolt (6 bolts) Class B 3
C50LR Huck bolt (6 bolts) Class B 6

3.5.2 Fatigue testprocedure

Since there is no standaptocedurefor conducting fretting fatigue tests on bolted
connections, the test parameters were chosen based on the literature and the slip resistance
results. Table 3.4 summarizes the parameters used for the fatigue itedts]ing the
maximum load in a fatigue cle (specified as a percentage of slip resistancthe
correspondingnaximum stresbased orthe gross area of the plate, stress range and number

of samplesThe fatigue tests were conducted under load control mode.
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As explained before, single bolt specimemwas tested first. This test was carried out

with a maximumecyclic stress( &) of 37 MPa and a minimum stre¢sin) of 4 MPa,

resultingin a stressrange ( {i of 33.1 MPa and stress ratio (Rpf 0.11 The test was

conducted at a loadinfyequency f) of 10 Hz. The stresses were calculated as the ratio

between the applied load and the gross section @reaspecimen did not fail due to the

low fatigue load andhie testwas stopped dt,527,876 cyclesAfter the test, thefse c i

contact surfaces were examired nofretting wearwas found.

menos

For the six bolt assembly, a stress ratio (R) of 0.0909 and frequgralyl0 Hz were

selected, based on the literature. The specimens were tesgtlefhilure to obtain thes-N

curve, although for a few specimens thsts were stopped after 8 million cycles without

failure. Since a large variation in the number of cycles to failure was expected, a total of 45

samples with different combinations of test parameters were tested to obtail then&s.
As shown in Tabl&.4, 16 samples with the combination of A325 HSB @iaks A surface
finish, 12 samples with the combination of A325 HSB &ldss B surface finishand 17

sampleswith the combination of Huck tension control bGlkass B surface finiskvere

tested to chacterize the fretting fatigue behaviour.

Table 3.4: Fatigue test parameters

Maximum . : .
N load Maximum SEress range Fatigue test:
Bolt type Surface finish . Str e (Unax- Umin) Number of
(%.Of slip MPa (MPa) samples
resistance)
64.68% 113.67 103.33 1
Class A 76.44% 134.33 122.12 5
85.26% 149.83 136.21 3
. 94.08% 165.33 150.30 7
A32b‘rc’)|t'2%hb§t|:§)ngth 46.99% 134.33 122.12 2
57.83% 165.33 150.30 2
Class B 65.06% 186.00 169.09 3
72.29% 206.67 187.88 2
83.14% 237.67 216.06 3
44.48% 134.33 122.12 2
C50LR Huck Tension Class B 54.75% 165.33 150.30 8
control bolt (6 bolts) 61.59% 186.00 169.09 4
68.44% 206.67 187.88 3
Total 45
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In addition, four samplesitth the combination of A325 HSB ar@lass A surface finish
were testedo estimatevhencrack initiationoccurred These tests were carried out with the
limit displacement detectiofeature enabled the fatigue test programiVhenthe actuator
displacemenéxceededh value corresponding tbhe expected value undere applied cyclic
load, the MTS test program stogbthe test and the specimen was removestudy the
crack initiation behaviar. The number of cycles at which the test stopped was defined as
the number of cycles tarack initiation. These four tests were carried out wistress range
( i of 150MPa.

The fatigue test load levels were selected based on

1. The endurance limit of the bolted connections as defined in CSA &l&nd
2. Achieving between 40% and95% of the slip resistance of the individual

combinations

The minimum stress range values were setkas pethe CSA S1614 endurance limit
(110 MPa)for any bolted connection. As such, stress rarfgé of 103 MPa and 12RIPa
were chosen as the lowestlues ofthe cyclic load. Then the stress ranges were increased
further based on the slhesistance of the individual combinatsoihe appliedatigue load

levels for the individual combinations are given in Table 3.4.

Four load levels were used to test the connections assembled with A325 HSB and Class
A surface finish shown in Figure 3.16(da)he stress ranges 103 MPa d#? MPa were
used to find its endurance limit. The stress ranges 136 MPa and 150 MPa, with loads below
the slip resistance, were tested to define higher levels in-theB8ve. The sample shown
in Figure 3.16(b) consisted the combination of A325 HSB drClass B surface finish and

wastested under five stress levels.

The stress range @22 MPa was used to find the fatigue limit for this bolted connection.
The other four stress ranges tested, 150 MPa, 169 MPa, 187 MRa&MPa, were used
to determine their fatigue behaviour under high stresses and defineNheu&e. The
samples made with C50LR Huck tension control bolts and Class B surface finish shown in

Figure 3.16(c) were tested under four stress levels. Thessarege122 MPa was used to

55



verify the endurance limit and the other three sstreanges, 150 MPa, 169 MPa and

187 MPa, were used to determine their fatigue life and define-thelsve.

Figure 3.16 Fatigue test set uga) Postfailure ssample made with A325 HSB and Class A surface finish;
(b) Sample made with A325 HSB and Class B surface finish; and (c) Sample made with C50LR Huck
bolts and Class Burface finish.

3.6 Morphological Characterization

3.6.1 |Initial considerations

One of thedifficulties with thebolted connectioexperiments waghat crack initiation
andpropagatiorcould not be observedince the contact area was hiddetween the plates
Postfailure morphological characterization was therefore required to understand the failure
behaviour of the tested specimens. Both a stemémoscope anda sanning electron
microscope(SEM) were usd to examine the agdact surfaces and the fractwserfaces of
the specimens. These observations were used to characterize the fretting phenomenon, crack
initiation and crack propagation behaviour.
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3.6.2 Stereo Microscope Examination

The stereo microscope (SZMTOptika microscopes, USA) was used for examinihg a
the tested sampledhe magnification that could be used was between 3.5X and 90X,
depending on the working distance and the use of auxiliary objecive8 MPixeldigital
camera connected to thearoscopewas used to captutbe images andhe images were
analyzedusing AmScope softwar@AmScopev3.7.13522 USA). Surface cracks could be
detected usin@X and 30X total magnificatiordepending on thdesiredfield of view. The
lowestmagnification of 7Xwas used tanspect the contaahterfaceandalso toexaminethe
partial slip region around the holehereas the highestagnification of 30Xwas used to

observe micrsurface cracksdebris, ratchet linesd the crack initiation sites.

3.6.3 Scanning Electron MicroscopeExamination

The scanning electron microscope (SEM) (36040LV, JEOL USA Inc.)was used to
examine the contact interface and the fracture surfaces. The magnification range used with
this microscope was in the range of 30X to 5000%TbuchScope softwaréJEOL USA
v1.02,Inc.) was used tadjust focus, contrast and brightness of the iméyethe different
magnificatiors. The samples/erecut with a cold sawinto 16 mm x 29 mm pieces toount
them on the scanning table, as shown in Figure 3.hé. Sampls were cleaned using
alcohol before mounting onto the holder usimgpductive tape_ow magnification was used
to inspect the whole area of thacture surface of the specimendecideon thefocusarea
for higher magnification. Then ligher magnificatiorof 2000X was used texaminethe
crack initiation sites and crack propagation patlihe fracture surface

=

Figure 3.17 SEM sample holder.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter presents the experimental results and discusses the fatigue behaviour of the
slip-critical bolted connections. The chapter starts with the results of the surface
characterization of the two types of surfaces considered, and then focusegesuliseof
teststo measure the slip resistance of the bolted connections with different bolt types and
surface finishes. The fatigue test results are presented and discussed next, first by presenting
the fatigue life of the slizritical bolted connectius in terms of SN curves, considering the
different types of observed fatigue behaviours. Then, the observed fatigue behaviours are
characterized for different specimens using examination of the contact interfaces, and

relative displacement of the samplaad lastly by investigating the crack initiation sites.

4.2 Surface characterization

4.2.1 Surface roughness

Four parameters, R R, R, and R, as defined in Chapter 3, were measured for
characterizing the surface roughness. The mean, stawddardtion and coefficient of
variation of the measured values were calculated and are given in Table 4.1. Detailed results

for each test are included in Appendix C.

The results show that the surface roughness parametettsef@ass B surface finish
werehigher than for the Class A surface finish, and thatllass B surface finish was more
uniform with higher peaks and deeper valleys on its surface (i.e., rougher surface) due to the
coating. This conclusion is validated by analyzing the individual sarframeters. R
represents the arithmetic mean deviation of the surface profile from the mean surface. The
Ra value of 1.490 um for th€lass B surface finish was three times higher than that of the
Class A surface finish (0.493 um), confirming a rougbkerface profile forthe Class B

surface.
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Table 4.1: Surface Roughness Measurements

Ra(m) RqgEm) Ry(@Em) Rz(um)

Class A surface Mean value o 0.493 0.613 2.723 1.870

finish Standard deviation 0.187 0.225 1.007 0.823
Coefficient of variation 38.03% 36.77% 36.99% 44.05%

Mean value 1.490 1.870 8.217 5.526

Clas?irlﬁsshurface Standard deviation 0.277 0.358 2.351 1.977

Coefficient of variation 18.61% 19.13% 28.61% 35.78%

Similarly, R, represents the root mean square (RMS) of the surface profile deviation.
The R, mean value fothe Class B surface finish was three times higher than that of the
Class A surface finish, which again confirmed the rougher surface profile f@léiss B
surface. The coefficients of variation of &d R, were lower forthe Class B surface finish

which indicates that the Class B surface finish was more uniform.

Considering the Rparameter (maximum height of the profile), the mean value for the
Class B surface (8.217 pm) was three times higher than that of the Class A surface
(2.723 pm), which showed that there were higher peaks and deeper valleys in the Class B
surface. Moreover, half of the/Ralue corresponds roughly to the height ofliighest peak
or the depth of the deepest valley of the surface profile; for Class A this value was 1.361 um
and for Class B it was 4.109 um, demonstrating that the class B surface finish had a rougher
surface profile compared to Class A. Relatively higlues of the coefficient of variation of
the R parameter confirms that the magnitude of the highest peak or the deepest valley for

both surface finishes varied with location.

In addition, Ra can becompared to the half dhe Ry value for the individual stace
finishes to identify whether the surfaces have a large number of peaks and valleys similar to
the highest peak and deepest valley. The halv&ue for the Class A surface finish
(1.361 pm) is 2.76 times higher than theparameter (0.493 pm).8ilarly, for the ClassB
surface finishthe half R value of 4.109 pum is also 2.76 times higher than the mean value
of the R, parameter of the Class B surface finish (1.490 um). This indicated that the highest

peaks and the deepest valleys do not domiadher of the surface finishes.

A similar behaviour was also observed in thep@rameter, which represents the five

highest peaks and five lowest valleys on a surface profile. The difference between the R
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parameters of both surface finishes was afsih@ order of three times. By comparing the

Ra and R parameters for the individual surfaces, it can be determined whether the surfaces
had high or low values of heights addpths on the surface profil€he R value for the

Class A surface finish was almost four times higher than fhwalRe, suggesting that there

were a large number of small peaks and valleys compared to the five highest peaks and
deepest valleys. For the Class B surface finish, theaRie was also almost four times
higher than the Rparameter. This indicated that most of the peaks and valleys in the Class
B surface finish were generally smaller than the five highest peaks and deepest valleys.
Higher values of the coefficient of variationeme present in the ;Roarameter, which
indicated that the values of the five highest peaks or deepest valleys were not same at

different locations on the same surface.

Overall, the Class B surface finish had a surface roughness that was approximagely thre
times higher than that of the Class A surface finish. In addition, the Class B surface finish
had a more uniform surface profile compared to the Class A surface finish. The surface
roughness characterization was very useful for quantifying the difieresioveen the two
surface finish types. Surface roughness may be a helpful parameter to consider when
developing an efficient slip resistance in bolted connections.

4.2.2 Coefficient of friction

The coefficients of static and kinetic friction wereeasured for both types of surface
finish and are provided in Table 4.2. The mean values, the standard deviations and the
coefficients of variation were calculated from the measurements. Detailed results for each

test are included in Appendix D.

The coefft i e nt of s J) fartthe €lask A suddca fimish wésein the range of
0.249 to 0.344, wi t h a me®mhe Clask B surfageffinish. 2 8 8 .
were in the range of 0.752 to 0.932, with a mean value of 0.840. The mean véhee of
coef ficient Q) ffor thet CdassiBcsurfdce wa&s68 imeahigliee than that of
the Class A surface finish. This is largely due to the rougher Class B surface finish
compared to the Class A surface finish, as discussed in the prewtioa.se
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Table 4.2: Coefficient of friction

Class A surface finish Class B surface finish
Statg c Kinet)ic Statg c Kineti:
Mean value 0.288 0.261 0.840 0.730
Standard deviation 0.028 0.008 0.052 0.024
Coefficient of variation 9.74% 2.9% 6.24% 3.35%

The value of coef f idorteenClass @ fsurfacenishenmad ircthef r i c t |
range of 0.253 to 0.278vith amean value of 0.26whereas for the Class B surface, the
coefficient of kinetic friction varied fron®.701 to 0.758with amean value of 0.730The
coefficient of variation for the coefficient of kinetic friction for both surface finishes was
lower than that for the coeffient of static friction. Similarly, the mean value of the
coefficient o ) of khe @lasd B surfade rfinisb wads80 tmes( higgher than
that for the Class A surface finish, similar to what was observed for the coefficient of static

friction.

As a result, the Class B surface finish is considered to be rougher than the Class A
surface finish with a higher coefficient of static friction. The coefficient of static friction
results are consistent with the surface roughness measurements presented in the previous
section because the Class B surface finish was observed to be appebxithree times
rougher than the Class A surface finish. In addition, the coefficient of variation of the
friction measurements was slightly higher in the results for the Class A surface finish, which

also corresponds to greater variability in the swfatighness.

Overall, the measurements of surface roughness and coefficients of friction confirmed
that the Class B surface finish was approximately three times rougher and more uniform
than the Class A surface finish due to surface preparation and scofoey. The coated
Class B surface finish therefore increased the coefficient of friction and surface roughness

within the contact interface of the single lap joint bolted specimens.

4.3 Slip resistance
The slip resistance was generated by friction forcekinvihe contact interface of the
single lap joint bolted specimens and was induced by the contact pressure between the plates

caused by bolt preension combined with the coefficient of friction between the material
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surfaces. The applied bolt ptensionwas assumed to be a mini mum
tensile strength (ff of 53 kN, according to Table 7 of CSA S18.

Figure 4.1 shows typical load vs relative displacement curves for the experimental slip
resistance tests for each combination of bolt tyyel surface finish. The relative
displacement was measured as the difference between the laser displacement sensor
readings for the corresponding axial load. As the load was applied, the bolt pretension
combined with the slip coefficient resisted the exa¢ load by inducing a frictional force
within the contact interface. This frictional force increased linearly with respect to the
externally applied load before reaching a maximum slip resistance value. This stage was

defined as the slip resistance stage
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Figure 4.1 Typical loaddisplacement curves of the slip resistance tests.

As discussed earliethe Class B surface finish hadhigher surface roughness and a
higher coefficient of friction than the Class A surface finish. As a result, samples made with
the Class B surface finish had a higher slip resistance than the samples made with the Class
A surface finish. Furthermore, treamples made of tension control bolts with Class B
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surface finish had a slightly higher slip resistance than samples assembled with A325 HSB
and Class B surface finish. This might be due to a higher clamping force applied by the

C50LR Huck tension contrdlolts, but this could not be confirmed.

During the slip resistance stage, the slope of the curve for connections that used the
combination of A325 HSB and Class A surface finish was constant. Therefore, the relative
motion of the plates for these specimeavas stable during this stage and they did not suffer

significant sliding along the contact interface or loss in the level efgmson in the bolts.

For the samples assembled with a Class B surface finish and A325 HSB, the slip
resistance initially ioreased linearly with respect to the applied load. However, the slope
then decreased as a loss of slip resistance occurred before reaching a maximum value of slip
resistance. The loss of slip resistance during the second part of the slip resistance stage
might be the result of friction loss within the contact interface. This might be due to the
removal of parts of the surface coating as the relative displacement induced wear on the

contacting surfaces.

Similar behaviour was observed for the combinatiorCBOLR Huck tension control
bolts and Class B surface finish. During the initial stage, the slip resistance increased
linearly with respect to the applied load with a relatively high slope and then loss of slip
resistance, manifested by a reduction ips|mccurred due to friction loss before reaching a

maximum slip resistance value.

Figure 4.2 shows an image of the contact surfaces of a sample with the combination of
A325 HSB and Class B surface finish after testimbere the surface damage due to the
removal of the coating can be seen. This observation is consistent with friction loss within
the contact interface due to the relative displacement during the slip resistange stage

although most of the surface damage likely occurred during the slip stage

Once the maximum slip resistance was reached, therdiigpal connections moved into
a boltslip stage, during which the friction force between the plates remained constant. After
more than 1 mm of slip, the bolts began to bear against the platabeamdnnections
became bearing connections. During the bearing stage, the applied load was carried by the

plates and the bolts, and friction no longer played a significant role.
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Figure 4.2 Camera image dhe contact interface of a specimen with A325 HSB and Class B surface
finish after static testing showing wear of the surface finish.

Figure 4.3 shows the experimentally measured mean slip resistance of the three types of
slip-critical bolted connectionsested, in which the error bars correspond to the standard
deviations. Detailed results for each test are included in Appendix E. The mean values of the
slip resistance of samples made with A325 HSB and Class A surface finish, A325 HSB and
Class B surfaceirfish, and C50LR Huck tension control boltsdaClass B surface finish
were 93kN, 138 kN, and 146 kN, respectively. The higher value of the error bars for the
combination of A325 HSB and Class A surface finish was a result of larger deviations in the
expeimental results. The lowest standard deviation corresponds to the samples assembled
with C50LR Huck tension control bolts and Class B surface fifibb. differences between
the mean values for all three specimen types were found to be statisticalligaigrat the

95% confidence limit (see Appendix F).
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Figure 4.3 Slip resistance, as measured experimentally. The theoretical slip resistance, as recorded in
Chapter 3 was higher than these values.
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In general, the experimental slip resistance values were lower than the theoretically
calculated values for all the samples. The experimental mean slip resistance of the A325
HSB and Class A surface finish combination was approxim&é¥s of the theoretal
value, for the A325 HSB and Class B surface finish combination it was 78% of the
theoretical value, and for the C50LR Huck tension control bolts and Class B surface finish

combination it was 82% of the theoretical value.

The slip coefficient (R represents the constant of proportionality between the friction
force within the contact interface between the bolted plates and the normal force between
the plates. The amount of friction that can be generated between two surfaces is proportional
to the surfae roughness, and a higher slip coefficient produces a higher resistance to
relative sliding and therefore slip resistance. The slip coefficightwg&s calculated using
the slip resistance results and assuming that the bolts reached a levelenfsmreof 70%
of their tensile strength. In other words, the values of slip resistance that were determined
and presented in Figure 4.3 were divided by 53 WNich is the value specified by CSA
S1614. The results are shown in Figure 4.4. Detailed resulis@teled in Appendix G.
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Figure 4.4 Slip coefficient (k) calculated using the slip resistance results.

For the Class A surface finish, the mean value of the experimslifatoefficient
(0.293) was 9% of the theoretical value of 0.30 specified in CSA -346Conversely for
the Class B surface finish, the mean experimental values okle 84 to 88% of the
theoretical value of 0.52 specified by CSA Sl During the i resistance stage, part of
the coating was removed from one of the platebeatcontact interfacelue to the relative

displacement between the clamped plardsch broke the interlocked surface asperities of
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the coated surface. These effects causslipacoefficient k that was lower than the one
recommended by CSA S161.

The effect of bolt preension on the slip resistance can be identified by comparing the
results of the A325 HSB and Class B surface finish combination with those of the C50LR
Huck tension control bolts and Class B surface finish combination. It is clear from the
results that the C50LR Huck tension control bolts provided a higher and consistent clamping
force, which resulted in a higher slip resistance in comparison with the A3B5bHISd

samples.

4.4 Fatigue life (SN curves)

4.4.1 Overview

The slip critical bolted connections were tested under fatigue loading conditions to
measure the fatigue life and characterize the fatigue failure behaviour. Tablevhtarizes
the test results, inctling the fatigue test parameters, the number of cycles experienced, the
failure mode {retting orbending as discussed latethe locationof crack initiation(at the
hole edge or a certain distance from the lallevethe uppermost boih the connectin),
and for which samples ¢hDIC technique was used to capture images. The combination of
Class A surface finish with A325 HSB were named as A series, Class B surface finish with
A325 HSB were named as B series, and Class B surface finish with C50LRbélteclvere
coded as C series.

The stress range versus number of cycles to failué ¢8rve) results fodl fatigue
tests are plotted in Figure 4.5 along with thé&l Surve for detail category Bslip-critical
boltedconnectionsfrom CSA S1614. Eight amples(all with Class A surfacefgniled due
to fretting fatigue, whileB samples did not fail after 8 million cycles. The latter group was
assumed to be representative of the endurance limit. The remaining samples failed due to
bendingfatigue, althoughwadence offretting was also apparen€SA S1614 indicates that
the detaHcategory B SN curve should not be used if bending is induced in an axially
loaded bolted connection. However, the Canadian Highway Bridge Design Code (€ESA S6
14) recommends thahhé SN curve can be plotted with a combination of bending and axial
load.
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Table 4.3: Fatigue test results

Stress range Number of . Crack initiation DIC
(MPa) ) Sample cycles Failure Mode zone measurements
103.3 Al1-A325-103 3,500,713 No Failure - -

A2-A325-122 3,709,575 Fretting Away from hole -

A3-A325-122 8,002,185 No Failure - -

A4-A325-122 7,608,877 No Failure - -

A5-A325-122 1,425,162 Fretting Away from hole -

122.12 A6-A325-122 8,495,372 No Failure - -
B1-A325-122 8,132,741 No Failure - -

B2- A325-122 8,564,976 No Failure - -
C1-C50LR-122 7,727,804 No Failure - -
C2-C50LR-122 8,000,000 No Failure - -
A7-A325-136 2,054,222 Freting Hole edge -

136.21 A8-A325-136 2,607,685 Fretting Away from hole -
A9-A325-136 1,928,344 Fretting Away from hole -
Al10-A325-150 937,892 Fretting Away from hole -
Al11-A325-150 1,309,628 Fretting Away from hole -
Al12-A325150 931,312 Fretting Away from hole -
Al13-A325-150 914,215 -
A14-A325-150 1,317,177  Interrupted tests fo Away from hole -
A15-A325-150 972,135 crack initiation -
A16-A325-150 1,425,084 -

B3- A325-150 7,515,227 Bending Hole edge -

150.3 B4- A325-150 8,474,936 .No Fai!ure ' - -
B5- A325-150 874,463 Failed Inside grip - X
C3-C50LR-150 1,489,342 Bending Hole edge -
C4-C50LR-150 1,307,330 Bending Hole edge -
C5C50LR-150 1,082,560 Bending Hole edge -
C6-C50LR-150 1,097,196 Bending Hole edge -
C7-C50LR-150 1,170,318 Bending Hole edge -
C8C50LR-150 1,516,033 Bending Hole edge -
C9-C50LR-150 1,215,972 Bending Hole edge -
C10-C50LR150 1,255,384 Bending Hole edge X
B6-A325-169 313,546 Bending Hole edge -

B7-A325-169 368,417 Bending Hole edge -

B8-A325-169 349,697 Bending Hole edge X

169.09 C11-C50LR-169 366,743 Bending Hole edge -
C12-C50LR-169 382,764 Bending Hole edge -
C13-C50LR-169 325,597 Bending Hole edge -
C14C50LR169 351,185 Bending Hole edge X
B9-A325-187 142,362 Bending Hole edge -
B10-A325-187 139,516 Bending Hole edge -

187.88 C15C50LR-187 155,061 Bending Hole edge -
C16-C50LR-187 168,025 Bending Hole edge -
C17-C50LR-187 166,332 Bending Hole edge -
B11-A325-216 67,972 Bending Hole edge -

216.06 B12-A325-216 72,396 Bending Hole edge -
B13-A325-216 70,900 Bending Hole edge -
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Figure 4.5 Fatigue life of every sample testguiptted with the CSA St@4 SN curve for Detail

Category B.

4.4.2 Class B surface and A325 HSB

The A325 HSB and Class B surface finish samples experienced a combination of
secondary bending and fretting fatigue, but failure was initiated by bending fatlgRI&N
resultsfor these samplemsreplotted in Figure 4.6. In this figure, the experinsmesults are
compared with the -8l curve for detail category B given by CSA S144. At high stress
ranges (216, 187 and 169 MPa), the number of cycles to fddurihe eight specimens
testedwere significantly lower than the number of cygeedicted byCSA S1614. This is
believed to be due tdhé¢ secondary bending loddat was acting along with the fretting
effect Secondary bendingsulted in crack initiatiomat a separate locatiat the hole edge
and led to the failure of the specimens. From the results, it can be concluded that at high
stress range levels, thaack that formed due to bending fatiguetiated and began
propagating earlier than fretting fisited cracksand led to a lower number of fatigue life
cycles.The S1614 SN curve did not account fahe secondary bending effect$e stress
ranges in th&s1614 SN curveshould includebending stresses according ttadses 26.1
and 26.3.1
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Consdering the lower fatigue stress rangbseesamples were tested at a stress range of
150 MPa(one of which failed in the gripdnd another two samples were tested at a stress
range of 122 MPa. One specimen at the 150 MPa stress range and both at Mieal22
stress range did not fail and the tests were stopped after 8 million cycles. The two specimens
at the 122 MPa stress range had different lengths (579 mm and 400 mm) and both samples
did not fail. This suggests that the total length of the specimematiGffect the fatigue
failure behaviour of the bolted connections.
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Figure 4.6 Fatigue life testesults of samples using A325 HSB and Class B surface finish.

There is a large difference between the experimental results and the CS4 S16
curve for the 150 and 122 MPa streasges Specimen BaA325-150 failed at 7.5 million
cycles whereas spegien B4A325150 did not fail and the test was stopped after
8.5 million cycles, even though both were tested at the 150 MPa stress range. Specimens
B1-A325122 and B2A325-122, tested at the 12WIPa stress range, did not fail after
8.5 million cycles. However, the CSA S1@ standard ®l curve fatigue life for a stress
range of 150 MPa is around 1.5 million cycles and for the 122 MPa stress range it is around

3 million cycles, much lower than the experiment results. Moreover, tessstange of
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122 MPa can be considered to lie below the endurance limit based on the experimental

results for samples with a Class B surface finish and A325 HSB.

The 5% fractile values for fatigue life were also calculated based on the experimental

results, and are shown in Table 4.4. These were used to generate the experiNerual&s

for comparison with CSA S164, as shown in Figure 4.7. The two curve®isect at a

stress range of 13B1Pa and fédgue life of approximatelyl.7 million cycles The

experimental endurance limit was assumed to be 122bdPause two samples did not fail

at that stress level after more than 8 million cycles were applied. 122sMiiRdner than the
endurance limit for detail category B found in Table 10 of CSABL@10 MPa).

Table 4.4: 5% fractile values of fatigue life for samples with Class B surface and A325 HSB

Number of cycles to failure

Stress range Number of Mean Standard Coefficient of 5% fractile
(MPa) samples value deviation variation values
150.30 1 7,515,227 8.50% (assumed) 6,878,756
169.09 3 343,887 27,893 8.11% 298,002
187.88 2 140,939 2,012 1.43% 137,629
216.06 3 70,423 2,250 3.20% 66,721
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Figure 4.7 SN curve of specimens assembled with A325 HSB and Class B surface finish.
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The lowest coefficient of variation values were found for the two highest stress ranges
(187 and 216 MPa). Schijve et al. (2009) also observed hkasdcondary bending effect
reduced the fatigue life at higher stress range levels in single lap joint test specimens. At the
lower stress range levels, it appears that the fatigue lives of the single lap joint specimens
were increased by the coating oras€d B surface finish sampleBhe 5% fractile value
result for the 150 MPa stress range was not taken in consideration to plettber@ due

to insufficient data because just one sample failed at that stress level.

4.4.3 Class B surface and C50LR Huck bolts

Four stress ranges were selected for the tests conducted with C50LR Huck tension
contr ol bolts and Class B surface finish an
total specimen length for these specimens was kept at 400 mm, with an ovegtapolien
175 mm, based on the previous analysis results. Three specimens were tested at 187 MPa,
four specimens at 189dPa eight at 150 MPa, and two at 122 MPa.

The SN curve results are plottad Figure 4.8 along with the CSA S1@ curve for
detail catgory B. Similar behaviouto that experienced for samples with A325 HSB was
observed at the higher stress range levels. The experimental fatigue lives for the 187 and
169 MPa stress ranges were lower than tie @Girve given by CSA S164. This is likely
due to the bending effect, as discussed above. At the lower stress range level of 150 MPa,
the fatigue lives were in the range of 1 to 1.5 million cycles. However, at the 122 MPa stress
range level, the specimens did not fail and the tests were stoppe@.&aftaillion cycles.
Based on the results, it was concluded that specimens with a combination of Class B surface
and C50LR Huck bolts had an endurance limit of 122 MPa, which is higher than the CSA
S1614 standard B curve.

The 5% fractile values for fgue life based on the experimental results are provided in
Table 4.5. As was observed for samples with standard high strength bolts, the coefficients of
variation at the two highest stress levels were low, whereas that at tMPESStress range
is reldively high. The 5% fracke value of fatigue life at th&a50 MPa stress range was
lower than that given in CSA S161.
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Figure 4.8 Fatigue life test results of samples using Huck C50LR boltsCéams B surface finish.

Table 4.5: 5% fractile values of fatigue life for samples with Class B surface and C50LR

Huck bolts
Number of cyclesto failure
Stress range  Number of Standard Coefficient of 5% fractile
(MPa) samples Mean value deviation variation values
150.30 8 1,266,767 163,889 12.94% 997,170
169.09 4 356,572 24,344 6.83% 316,526
187.88 3 163,139 7,047 4.32% 151,547

The experimental -8l curve for these samples, including the estimated endurance limit,
iIs shown in Figure 4.9. This-S curve is different from the CSA SiBl SN curve,
especially at the highest stress levels. Taeves intersect just below tH&0 MPa dress
range. In additionthe endurance limit of the CSA S18 SN curve is conservative
because it is lower than the results from the tdste. difference can again be attributed to

the fact that the CSA S1B4 SN curve doesiot account fobending
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Figure 4.9 SN curve of specimens with C50LR Huck bolts and Class B surface finish.

4.4.4 Class A Surface Samples

Specimens with a Class A surface finish and A325 HSB failed due to fretting fatigue. In
total, sixteen samples were tested at four different stress ranges (103, 122, 136, 150 MPa).
Only one sample was testatithel03 MPa stress range and the specimemdidail. The
test was stopped after 3.5 million cycles. Five specimens were tested with a 122 MPa stress
range, of which three specimens did not fail after 8.5 million cyelddle the remaining
two failed by fretting fatigue after 1.4 million and 3.7lman cycles, respectivelyAt higher
stress range levels, three specimens were tested with BIR&6stress range and another
sevenspecimens were tested at th60 MPa stress rang&Vith the exception of the
interrupted tests, these all failed due &tting fatigue The experimental stress range versus
number of cyclego failure (SN) is shown in Figure 4.10 along with theNScurve from
CSA S1614.

At the 136 MPa stress range, the experimental fatigue life was higher than that given in
CSA S1614. However, for the 150 MPa stress range, the experimental fatigue lives were
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scattered around the value provided by CSA-$46three samples had higher fatigue lives

than those given by CSA S16l, while another four specimens had lower fatigue lives.
Similar variability was also seen at lowdress ranges as well. At thi22 MPa stress range,

one sample (ARA325-122) failed at1.4 million cycles, anotheA2-A325-122) at

3.7 million cycles and the last three specimens did not fail even aftemilli@én cycles.
However, the endurance limit given by CSA Sibis 110 MPa. The experimental results
show that the stress range of 122 MPa could be considered as the endurance limit for these
samples. The reason behind the higher endurance limit migldubeto the surface

preparation, which is important according to Stankevicius et al. (2009).
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Figure 4.10 Fatigue life test results for samples using A325 HSB and Class A surface finish.

The 5%fractile values for this set of specimens are given in Table 4.6. This table also
shows that the fatigue life results are scattered for all three stress rangesl136 thi®a
stress range, the difference between the maximum and minimum fatigue lifeast alm
700,000 cycles. However, the lowest coefficient of variation is found at the same stress
level. For the 150 MPa stress range, the fatigue lives are scattered, with a mean value of
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1.1 million cycles but a 5% fractile value of 0.7 million cycles, ahhis lower than the

fatigue life expected from the CSA S18 SN curve However, the number of samples at

each stress level is relatively small.

Table 4.6: 5% fractile values of fatigue life for samples wih A325 HSB and Class A surface

finish

Number of cyclesto failure

Stress range Number of Standard Coefficient of 5% fractile
(MPa) samples Mean value deviation variation values
122.12 2 2,567,369 1,615,324 62.92%

136.21 3 2,196,750 361,403 16.45% 1,602,243
150.30 3 1,059,611 216,546 20.44% 703,392

The SN curve for the 5% fractile values is shown in Figure 4.11. The experimental

endurance limit is higher than theNscurve from CSA S144. Both curves intersect at the

136 MPa stressange with a similar fatigue life of approximately 1.6 million cycles.
However, for the 150 MPa stress range, the experiméaitgle life is lower than th&N
curve given by CSA S1&4. Thisis believed to be due thhe bending effecias discussed

abowe.
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Figure 4.11 Experimental SN curve based on tH% fractilevalues for fatigue life for samples that

consisted of Class A surface finish and A325 HSB.
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4.4.5 Influence of surface finish and bolt type on fatigue life

One of the objectives of this research project was to compare the performance of
specimens with two different dace finishes and two different bolt types (A325 HSB and
Huck C50LR). The mean-8N curves of all specimenalong with the SN curve from CSA
S1614, are plotted in Figure 4.12. At the 150 MPa stress range, specimens with the Class A
surface finish sampleshowed lower fatigue lives compared to those with the Class B
surface finish. The mean fatigue life at the 150 MPa stress range for Class A surface finish
with A325 HSB was approximately 1.06 million cycleshile specimens with Class B
surface finish andC50LR Huck bolts had a mean fatigue life close to 1.27 million cycles
However, the difference is not statistically significant at the 90% level of confidence. Only
onespecimen with Class B surface finish and A325 H8iRd, and it survived more than
7.5 million cycles. Similar behaviour was observatthe 122 MPa stress range, i.e., no
Class B surface finish specimefaled after approximately 8 million cycleshereas two

Class A surface finisBpecimens failedt 1.4 and 3.7 million cycles.

CSA S16-14 S-N curve

S-N curve Samples A325 HSB bolts and Class A surface finish
—o— S-N curve Samples A325 HSB bolts and Class B surface finish
300 —8— S-N curve Samples C50LR Huck bolts and Class B surface finish

\\‘

400

N
o
Q

Stress range (MPa)

100

50 100,000 200,000 1,000,000 2,000,000 10,000,000t
50,000 500,000 5,000,000

Number of cycles to failure

Figure 4.12 SN curve of each type of specimen using the mean fatigue life values.
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Considering the influence of bolt type, specimens with the Class B surface finish and
C50LR Huck bolts had slightly highertfgue lives compared to those with the A325 HSB
at the higher stress ranges. However, the difference was not statistically significant at the
169 MPa stress range, and an insufficient number of samples was tested at the 188 MPa
stress range to draw a defive conclusion. If thalifferencewas real, the reason could be
the slightly higher level of preension applied by the tension control bolts. However, this

could not be confirmed, since the bolt pretension was not measured.

The specimens were groupedcaing to their failuremode (i.e., fretting fatigue or
bending fatigue) and -8 curves corresponding to each of these growleng with
individual data pointsare plotted in Figure 4.13%amples that did not experience failure
were not included in thianalysis, except that they were used to estimate the endurance
limit, and specimen B2&325150 was excluded as an outlier for bending failure at the
150 MPa stress rangk.appears that the trend followed by these two groups is similar. The
main difference between the two groups is that only specimens with a Class A surface finish

experienced failure by fretting fatigue.

Fretting fatiguecontrolled the failure behavioundfatigue life ofthebolted connections
made with Class A surface finish. On the other hand, bending controlled the failure
behaviour and fatigue life of specimens with the Class B surface flhispecimens made
with the Class B surface finish had reotperienced the bending effect, failure would have
been delayed until fretting produced crack initiation and eventual failaexefore bending
reduced the fatigue life in most cases. The coating on the Class B surface finish samples
prevented or at leh delayed the occurrence of fretting fatigue failure such that samples
coated with the Class B surface finish demonstrated a better fatigue behaviour and longer

fatigue life than uncoated samples with a Class A surface finish.

It appears thathe coatingplayed a major role in the fretting fatigue behaviour of
samples with a Class B surface finiSevere damage had to occur to the coating before
cracks developed in the underlying base matedalditional surface cracks might be
developed on the virginontact surfaces once the coating is compfetemoved due to
fretting wear but the delay associated with removal of the coatiigiht have increased the

number of fatigue cycles before the specimen failed.
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Figure 4.13Mean SN curves and fatigue life results plotted according to the type of failure.

4.4.6 Accounting for bending effects

The SN curves plottedn the previous sections consideredly axial tensile stresses
when calculatingthe stress rangdn order to account for thadditional stresses due to
bending caused by eccentric loading and second order effects in the single lap joint
specimensthe curvature valuewere measuredduring four fatigue testsising the DIC
system, aglescribed in Section 4.9 able 4.7 shows theaximum curvature values that
were obtained for each sample and the total stress that was applied to the sample as a result

of the combinedbending and tensile stressFor these calculationshe bending mone

Y0 was calculated using theeasureaturvature values— asY0 —'O'’hen, the

bending stressY, was calculated a¥, y—, in which y is half of the plate

thicknessl isthemoment of inertiaand Eisth& oungés . modul us
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Table 4.7: Total stressrange including bending effects

Stressrange Curvature  Bending moment Bending sress  Total stress

Sample (MPa) (mm-Y) (KN-mm) (MPa) (MPa)
B5A325150 150 0.000095 69.80 90.87 241
B8A325169 169 0.000174 126.97 165.30 334

C10C50LRL50 150 0.000082 60.03 78.15 228
C14C50LRL69 169 0.000167 122.47 159.44 328

The bending stresses increased the total sbhe$2% to 60% atthe 150 MPa axial
stressrange, whilethey werehigh enough taloublethe stress rangat the 169 MPaaxial
stress rangeThe data points for these specimens, using the revised total stress ranges, are
plotted with the CSA St&4 SN curvesin Figures 4.14 and 4.15. Although thatalset is
very small therevised data pointsdicate that the specimens hatbagerfatiguelife than
expected by the CSA S4Bt SN curve for detail category Bt should be noted, though,

that the 5% fractile values would bring the data points ckostite standard-8l curves.
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Figure 4.14 Experimentabata pointdased on thiotal stresvalues for fatigue life for amples that
consisted of Class Burface finish and A325 HSB.

If a designer had toadculate the stress range of a single lap bolted connection, including
the effects of bending, it would not be possible to have access to curvature measurements.
The designer would have to do an elastic analysis and use the principles of mechanics of

materals to calculate the bending stresses that may result due to joint eccentricities as
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recommended by Clause 26.3.1 in CSA 846 This approach is applied to the

experimental data in the following paragraph.
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Figure 4.15 Experimental data pointsased on thiotal streswalues for fatigue life for amples that
consisted of Class B surface finish and C50LR Huck bolts
Using the free body diagrashown inFigure 2.18, the primary bending moment due to
the eccentricity between the plates can be determinéd as0 - when the plates are
undeformed. The bending moment range in a fatigue test is¥then Y0 - whereYd
is the axial load range.

y

The nominaktress range due to axial tension alisg, z , in which

Yo Y, 0 0.

The bending moment range can be rewrittedias Y, 0 — .

The bending stress range daenbe calculated a¥, y—. SubstitutingYd leads to

A Y, 0 — - — oY,,and therefore the total stress range, including both

axial and bending stresses¥s: y, vV, 1y,

The total stress shoulthereforebe calculated as four times the nominal axial stress
range according to the first order analysisuits. This is very conservative and would result
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in a connectiormesignwith dimensionsubstantially greateahan necessary. For example, if

a 150 MPanominal stress range were applied, it would result itotal stress range of
600 MPa. A 676 MPa total stressrangewould becalculatedif a 169 MPa nominalstress
range were applied. These total stressesu#stantiallyhigher than the yield strength of the
plates.Therefore the total stressesalculatedby the first orderelastic analysisre ckarly
higher than what was experienced by the specimens, since no yielding was obseeved. T

second order effectend to mitigate the bending stresses

The fatigue life results that were plotted in Figure dstng the nominal axial stress
ranges have been plotted in Figure 4.16 using the total strééses 1Y, . As a result,
the datalie well above the 9N curve for detail category B from CSA S18, and are
unrealistic A designer should not use this method to quantify the stress range applied to a

single lap bolted connecti@ince it is extremely conservative
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Figure 4.16 Fatigue life of every sample testqulotted withtotal stresses determined by a first order
analysis
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4.5 Fatigue Characterization

4.5.1 Overview and initial considerations

In general, two different types of fatigue failure behaviour were observed: fretting
fatigue andbending fatigue. These were discussed in Chapter 2 and physical evidence for
the two behaviours is presented in this section. The specimens with Class B and Class A
surface finishes exhibited different fatigue failure behaviours for the same bolt tygé (A3
HSB). Specimens with the Class B surface firsBbwed signs diretting fatiguebut failed
due to bending fatigueegardless of the bolt type. On the other hand, specimens with a Class
A surface finish primarily failed due to the fretting fatigue phmaeoon. As a result, this
section is organized by specimen type, first considering specimens with a Class B surface

finish, and then those with a Class A surface finish.

As discussed in Chapter 3, images were captured dtourgof thefatigue tests using
the DIC system. Then, the VD software was used to measure the displacements parallel
to the applied load (in the plane of the plates) and perpendicular to theddpplie(out of
the plane of the plates) in the vicinity of the uppermost bolt where the failure occurred. A
representative DIC image of the areardérest is shown in Figure 4. 1defining some of
the terminology and locations used in the presentatidrdestussion of the results.
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.309

.244

0.212

Figure 4.17 Representative DIC image, defining the upper and lower plates amd yaxes.
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Points U and L on the upper and lower plates, respectivahg located on the visible
edge of the sample along the bakis adjacent to the contact surface and were used to
determinehe relative displacement the plategparallel to the load. Points:ldnd Lo on the
upper and lower plates, respectively, are located close to the top end of the lower plate.
These points were used to determinerdélative displacement of the plai@®ng the contact
interfacesome distance from the bolt should be noted that the DI§/stem could not
capture images of the fatigue tests during the §esteral hundred cycles because it took
time for the system to synchronize with the testing machine due to the high rate of cyclic
loading used. As a consequence, the displacements aetgately calculatedtarting
several hundred cycles after the beginning of the test in the analysis usiBD gaftware.

Therefore, displacement data were not recorded during the earliest parts of each fatigue test.
4.5.2 Class B surface: Combined Fatigue

4.5.2.1Class B Surface with A325 HSB

As described below, the specimens prepared with a Class B surface finish experienced a
combination of secondary bending and fretting fatigue at the contact surfaces. Evidence
from the relative displacements obtained from thgitBl Image Correlation (DIC) system
along with microscopic observations suggest that fretting wear occurred during the test but
that bending effects were responsible for crack initiation and eventual failure of the

specimen.

150 MPa stress range

The measred maximum and minimum displacements parallel to the applied load at
points U and L for specimen B5A325-150 are plotted in Figure 8@). The specimen
was subjected t o )af150aviPa. ij caebe seemnrtieatstte maxmongand ( U
minimum cyclic displacements near the contact interface stabilized to relatively constant
values within the first 575 cycles. The stabilized minimum displacements in a cycle for the
upper and lower platesese 0.43 mm and 0.38 mm, respectively, indicating that there was a
permanent displacement of just under 0.4 mm in the lower plate when the specimen was

nearly unloaded, due to the settlimgof the sample at the lower grip.
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Figure 4.18 Displacements parallel to the applied load (y axis) in sampla®E%-150: (a) Graph of the
maximum, minimum, and relative displacements in the upper and lower plates along the bolt axis; (b)
measured peak displacements at thé"788gue cycle; and (aninimumdisplacements at the 745
fatigue cycle in the y direction (mm).
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The minimum relative displacement a t h e bolt axi an, whels eque

corresponds to settlinig effects between the two plates. After stabilization, the relative
motion betveen the plates over a cycle w8 em on the exposed surface along the bolt
axis. A gradual increase in the maximum and minimum displacements is also noted over the
first 400,000 cycles. Part of this may be caused by additional displacement within ¢&ne low
grip. The relative motion between the plates oveyde increased gradually ) meafter

400,000 cycles, likely due to increased fretting wear.

Figure 4.18b) shows the maximum-glisplacements captured from a DIC image along
the bolt axis and at theop edge of the lower platduring the 739 fatigue cycle The
relative displacement between thkates at the bolt axis w&® meand at the top edge of
the lowerplate was 0.125 mm. Figure 4(&Bshows the ydisplacements captured when the
minimum load of the cycle was applieduring the 74% fatigue cycle The relative
displacement betweentipel at es at t h em danadt the {mexd of thewoaver 5 1
pl at e m.dlse refadve raotion between the plates over a fatiguesoyel herefore
9 & m 5lasm ct the bolt axis and top end of the lower plate, respectively.ré&lative
motion likely removed parts of the coating and then caused damage to the surface of the
plates. The images also show the displacement field of the eegienrand they look

similar for both the minimum and the maximum load.

Thenormal strain in the-girection forsample BEA325-150 when the maximuroyclic
load was appliedduringthe 739" cycle was calculated byhe DIC systemand isshown in
Figure 4.1%a). The strain field shows that the whole speciinethis regionwas in tension
but it was not uniformThe maximum strain is locatéuthe upper plate close to the contact
interface approximately 5 mimelow the top edge of the lower plate. This indicates that the
bending suffered by the specimen vgghest at this locationThe curvature wasalculated
as the derivative of the strain values along cross sections parallel taaii®irthe upper
plateand is shown in Figure Q(b). The maximum value of curvature is located 3.48 mm
below the top edge of the lower plate. The presence of curvature in the specimen indicates
that the bending effect was presenthiis sample A bending moment of 69.8 kikim and

the bending stressf 90.87 MPa were calculated using the maximum curvature value. The
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tensile and bending stresses resulted in a total stress of 240.8Thdmcrease of applied

stress decreased the expected fatigue life of the specimen.

(a)

=0.00135

0.00096

(b)
20

15 _——

10 /

y (mm)
o o1
\__

s |
w0 S

=

_15 T T T T

0 0.00002 0.00004 0.00006 0.00008 0.0001
Curvature (1/mm)

Figure 4.19 Bending analysis results in sample-B325-150: (a) Normal drains parallel to the applied

load (y axis); and (bdurvaturecalculated in the upper plate

Figure 4.20shows an optical microscope image of the contact surface of the lower plate
of specimen B-A325-150 abovethe first bolt hole. Apparent on this image are the stick
global slip and partial sticklip regions. In the stick region, there was no relative
displacement between the plates and the coating remained intact. This region was located

arownd the hole edges. The global slip region, which resulted from the plates slipping with
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respect each other, can be seen a certain distance away from the bolt hole. Global slip in this

region led to fretting wear, and thus the surface coating was almoptetely removed.
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Figure 4.20 Optical microscopic image of the stiskp regions at coatt interface of sample
B3-A325-150.

The partial slipstick region can be seen at the boundary between the stick and global
slip regions; as described in Chapter 2, this region géyexcts as a stress raiser due to the
higher frictional force within the region. The resultant surface damage is shoha SEM
micrograph of Figure 4.21Due to the higher relative displacements, the glshlregion
featured complesurface charaetistics, as shown in Figure 4.2Rloughing lines indicate
the direction of the relative motion and ald® presence of higher frictional forces. The
oxidised particles are generated by the partial slip fretting wear, which is again the result of
a highe frictional force at the contact interface. In addition, a number of micro cracks are
apparent; these nucleated duegdtative displacemenwithin the global slip region. These
surface characteristics demonstrate that the Class B surface finish withH&R25vas
subjected to fretting fatigue. The miecoacks were very small, with a maximum length of
approximatelyl 7 m and could have eventually propagated into a leading crack if there had
been no bending effect at the first hole of the bolted assembly.
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Figure 4.22 SEM micrograph of the globalip region of the lower plate for sample-B325-150.

The displacements perpendiauk®d the loading direction (owdf-plane displacement)
were measured in an attempt teetter understandhe secondary bending effect. The

secondary bending was induced as a consequence of the load eccentricity that occurs in a
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single lap joint specimen, as discussed in Chapter 2. It results in aof-gane
disdacement of the specimemhe measured owdf-plane displacements for specimen-B5
A325150 are shown in Figure 4.@9.
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Figure 4.23 Displacements perpéicular to the applied loadxis) in sample B5A325-150:(a) Graph

of the maximum, minimum, and relative displacements in the upper and lower plates along the bolt axis;

and (b) measuredepkdisplacements at the 73¢atigue cycle.
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Both plates displaced approximately the same amount as the loading cycles were applied
during the fatigue test. The eot-plane displacement increased during the settling in period
and reached a stabilized valug &pproximately 500 cycles. Thmaximum and minimum
displacemergtof both platesvere 2.43mm and 1.83 mm, respectively.t Ahe same time,
due to the bending effect, the contacting plates moved relatively opposite totleachrm
developed a gap with memum and minimunmvalues in a cycle of8 . Inasnd 5. 4 & m,
respectively. Theutof-plane displacements Hie bolt axis appear teshowthat the plates
were not in full contact due to the secondary bending ef¢dtast along the visible edge,
possiblypreventingor reducingthe developmenif fretting damage. Figure 4.@8 shows a
DIC image of the stabilizeshaximumout-of-plane displacements for sample-B325-150.
These displacements were a consequence of the bendingtbfedt believed to be the
cause of bending fatigue failure in the specimen. SpecimeAR5-150 experienced a
maximum owtof-plane displacement of 2.4 mm atthesfir h ol e of t hre samp

gap between the plates at the contact interddmagthe entireexposed edge.

169 MPa stress range

Similar behaviour was observed for specimens subjected to a higher stres®frange
169 MPa (sample B8325-169) As shownin Figure 4.24a), the upper and lower plate
displacements at points:@nd L for the 169 MPa stress rangrere three times higher than
for the specimen tested with thBALMPa stress range (Figure 448. The maximum and
minimum displacements close to the contact interface stabilized to relatively constant values
within the first 595 cycles. The stabilizedmmum displacements for the upper and lower
plates were 1.52 mm and 1.33 mm, respectively, indicating that there was a permanent
displacementlower than 1.33 mm in the lower platehen the specimen was nearly
unloaded, due to the settliig of the sampleat the lower grip. The stabilized minimum
relative displacement was measured as 0.186 mm, which corresponds to-isetfiegts
between the two plates as also occurred in specBBeA325-150. At the 82% cycle, the
change in relative displacementweent he pl at es o v enwon the visigle | e  we
edge of the contact interface along the bolt axis. This change inlatigeaisplacement is
just3. 2m hégher than in specimen B%325-150 due to the higher fatigue loads applied to
specimen B8A325-169. The maximum and minimum displacements of both plates
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increased gradually over the first 300,000 cycles. Consequently, the relative slip between the

platesduring a cycle increased &3 em after 290,000 cycles.
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2.5 . —
——— Upper plate displacements whi  ====- Lower plate displacements when Minimum loi
Maximum load was applied was applied
Upper plate displacements whi — - - Relative displacement when Maximum load w
Minimum load was applied applied
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€
£
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Figure 4.24 Displacements parallel to the applied load (y axis) in saB®la325-169:(a) Graph of the
maximum, minimum, and relative displacements in the upper and lower plates along the bolt axis; (b)
measured peak displacements at thé"8ague cycle; and (aninimumdisplacements at the 823

fatigue cycle in the ylirection (mm).
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The maximum stabilized displacements for specimerAB835-169 in the direction
parallel to the applied loaduring the 81th fatigue cycle as captured from the DIC image,
areshown in Figure 4.28#). These displacements are at laaste times higher than the
displacements obtained for specimenA325-150 (Figure 4.1@)), which was subjected to
the lower stress range of 150 MPa. The relative displacement at the contact interface near
the hole section was 0.20 mm. In addition, theasured relative displacement between the
upperend of the loweplate and the upper plate was829 mm The displacements caused
to specimen B&A325-169 by the minimuntyclic load can be seen in Figure 4Q). The
relative dsplacement at the bolt axisas0.18 mm and at theipperend of the lower plate
it was 0.296 mmThe relative motion between the plates over a fatigue cycle was therefore
11 em along the bolt axis and 33 em at the

would be expected toause fretting damage to the surface.

The normal strains in they-direction along the visible edge of sample-B325-169
when the maximum load was applisdshown in Figure 4.48). The peak strain value is
located at the top of the upper plate at thetact interfaceapproximately 3nm below the
top edge of the lower platéhe values are genelahigher than those of sample B&25
150 (Figure 4.19a)). The correspondingurvature in the upper platareshown in Figure
4.259b). The maximum value ofucvature is locate@dpproximately 5mm below the top
edge of the lower plate and msore than 80%higher than that of sample B&325-150
(Figure 4.19b)). As a result, bending had a greaddiect on specimens subjected to a
169 MPa stress rang€&his would explain why the fatigue life of these specimens fell well
below the CSA S1-44 SN curve, whereas the fatigue life of specimens tested at the
150 MPa stress range did not. Theximum curvature value was used to calculate the
bending moment as 126.97 kikm and the bending stress as 165.30 MPa. This resulted in a
total stress of 334.30 MPa.

At the higher stress range of 169 MPa, the contacting surfaces were subjatia@ to
fretting weardue tothe larger inplane relativemotion parallel to the applied load, which
caused global slip over the entire contact amear the bolt This led to a complete
elimination of thepartial slip region. Figure 4.28) shows the area above thgparmost
hole of the lower platein which the partial slip region cannot be identified between the
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global slipandthe stick regions. The coating has suffered severe damage due to fretting
wear in the global slip region. If the bending effect had not Ipeesent in the specimen, it

is believed that in a higher number of cycles the coating could have been removed
completely and as a result, a crack could have been initiated in a partial slip region.

(a)
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Figure 4.25 Bending analysis results in sample-B825-169: (a) Normal strains parallel to the applied

load (y-axis); and (b) Curvature along the specimen edge.
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Figure 4.2€b) shows the area around the lowermost hole of the lower, ptatgnich the
stress concentration was higher like in the uppermost hole of the upper plate due to the
secondary bending effect. An initiated crack at the hole due to the stress concentration can
be seen under the coating in the stick region. The damage on the surface isaseseea

on the coating surface in the global slip region.
(a) (b)

Global slip region

Global slip region

-

" Stickregion

Initiated crac
undercoating

Figure 4.26 Optical micrograph of contact interface area of sampleAB25-169:(a) in the vicinity of
the uppermost hole for the lower plate; and (hmvicinity of the lowermost hole for the lower plate.

In addition, the higher levels of global slip caused more damage to the contacting
surfaces, as shown in Figure 4.Ploughing lines parallel to the applied load confirmed that
the large displacementremoved the stieklip region and the contact surfaces were
subjected to global slip, fretting wear and surface damage. The results for samples subjected
to even higher stresamges than 169 MPa were similar
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SEl 20kV WD11mm  x800  20um

Figure 4.27 SEM micrograph of the surface damagehe global slip regioon sample BA325-169.

The outof-plane displacements were also measured for sample3BB-169, which
was subjected to a stress range of 169 MPa. Simidasample B5A325-150, the
displacements reached a stabilized value aftercysles, as shown in Figure 4(28. The
maximumlateral displacements for thgpper and lowr plates were 3.16 mm aBR3mm,
respectively and the minimum lateral digements were 2.45 mm arl47 mm,
respectively This indicatedthat there was a gap with maximum and minimuatues of
6 7 & m ambdtwe2r2the platesh@& gap was at least four times larger ttieat forthe
sample subjected to the 150 MPa strasgie (B5A325-150).

The stabilized maximuraut-of-planedisplacements for sampleBB\325-169 are shown
in Figure 4.28b) on a DIC image. It islearthat the oubf-plane displacemestue to the
secondary bending effect were higher inB&85-169 than B-A325-150 (Figure 4.2®))
due to higher fatigue loading. When the maximum load was applied, the sample experienced
a maximum cyclichorizontal displacement of 3m and a gnaaptheacdntach 8 ¢
interfacealong the bolt axist the visible edge. Thisample failed after only 0.35 million
cycles.
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Figure 4.28 Displacements perpendicular to the applied loaax{g) in sample B&325-169: (a)

Graph of the maximum, minimum, and relative displacements in the upper and lower plates along the bolt

axis; and (b) measured peak displacements at tHef&tigue cycle.

Figure 4.® shows a schematic drawing ottHisplacd shapes of sampl&5-A325-150
and B8A325-169 corresponding to peak loads at load cycles 739 and 812, respectively.

These plots were drawn using the measurements obtained from the captured DIC images. In
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addition to the oubf-plane displacements, these plots show that shmples also
experienced rotation, amounting to 0.66° for-&%5150 and 0.74° for B&325-169, as
measured at the first Thedxistenaefofotatibnes comsastat| e 6 s
with bending effects.
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Figure 4.29 Displaced shapest the maximum cyclic loadf samples tested with different stress ranges:
(a) Sample B5A325-150 at 739 cycles, and (b) Sample-B825-169 at 812 cycles.

4.5.2.2Class B surface with C50LR Huck tensiorcontrol bolts

The effect of using C50LR Huck bolts on the fretting fatigue phenomenon was analysed
by measuring the relative displacement close to the first bolt of the contacting fptates
these samples, as well as examining the contact surfabesfatigue liferesults were
similar to the combination of Class B surface finish and A325 HSB as seen in Talfle 4.3.
combination of fretting fatigue and the secondary bending effect wasrs@50OLR Huck

bolted connections.

150 MPa stress range

The displacements parallel to the applied laagplane displacementneasurean either

side of the contact surface along the bolt axdgrg DICimages at points Jand L for
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sample C18C50LR-150 tested at the 150 MPa stress range, are showigure 4.30a).

After an initial settlingin period of less than 500 cycles, thdisplacements reached
stabilizedvalues. The minimum displacements in a cycle lne tupper plate and lower plate
were 0.46 mm and 0.43 mm, respectively, indicating that there was a permanent
displacement of just over 0.4 mm at the minimum load due to seitliefiects at the lower

grip. The minimum r el ati ve di snmp lwhiaheomrespands toassttliid 6 ¢
effecs between the plates. The relative motion between thesptater a fatigue cycle was

8 nmeinitiall y and i ncr e asneat 446,000 gybles,| most likely cduded lay
increased fretting weaA gradual increase in the minimum and maximum displacésne

also occurred over the first 440,000 cycles.

The maximum displacementsr sample C18C50LR-150in the 777 cycle are shavn
as a DIC image in Figure 4.31). The displacement distributions for specimertt C50LR
Huck and A325HSB are slightly diffeent at the 150 MPa stress range, as @asden by
comparing Figures 4.18(b) and 4(BD

The relative displacementetween the plateat the topedge of the lower plate was
9 8 m,avhich is more than two times higher than the relative displacerwy the first
bolt axis ( 4 4m). &n addition, these displacements are lower than those sdegure
4.18Db) (0.125 mm and0 mg respectively). This is believed to be due to the higher
clamping force applied by the C50LR Huck bolts.

The displacements caused by the minimum load ofctfidée can be seen in Figure
4.30c). The relative displ c e me n t at t h e mbwhichtis lawverittean thea s 3 6
relative displacement for spienen B5A325-150 in Figure 4.1&). It is likely that the
C50LR Huck bolts applied a higher pretension loaghich reduced the relative
displacement when the minimum load of the cycle was applieid. relative displacement
corresponds roughly to a permanent offset between the plates, most of which occurred

duringthe initial settlingin process.

The normal axialstrain fieldon the visible edge of specimen COB0LR-150 when the
maximum cyclic load wasapplied is shown in Figure 4.Gl). The peak strain value is

locatedin the upper plateear the interface justetow the upper end of the lower plate,
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similar to other samples already discussed. This is consistent with the bending effect in the
upper plateThe peak strain value and the strain at the bolt axis are slightly lower than in
sample BEA325-150 (Figure 419).
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Figure 4.30 Displacements parallel to the ajgal load (yaxis) in sample CEC50LR-150: (a) Graph of

the maximum, minimum, and relative displacements in the upper and lower plates along the bolt axis; (b)
measured peak displacements at thé"7afigue cycle; and (c) minimum displacements at thé"779
fatigue cycle in the y direction (mm).
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Figure 4.31 Bending analysis results in sample @1B0LR-150: (a) Normal strains parallel to the

appliedload (y axis); and (b) Curvature in the upper plate along the specimen edge.

The curvaturan the upper platef sample C18C50LR-150is shown in Figure 4.3b).
The maximum value of the curvature is located at the top of the upper plate zaldetss
slightly lower tharthatin specimen B5A325-150 (Figure 4.19. Although he values of the
curvature are relatively lowts presencendicates that the secondary bending effect was
present inthis specimenHowever, these values were measurethatvisible edge of the
specimens. The low curvature values are believed to have caused higher stress concentration
at the hole edge due to the tensile and bending strésbesding moment of 60.03 kikim
and a bending stress of 78.15 MPa were calculagedy the maximum curvature value. As
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a result, a total stress of 228.15 MPa was applied to the specimen instead of the 150 MPa

and this reduced the fatigue life of the specimen.

The higher clamping forcapplied by the Huck boltalso resulted in largetisk regions
around the bolt hole arpaith small partial slip regions close to it. It may also have induced
alarger global slip area away from the bolted contact area. This phenomenon can be seen on
an optical microscope image of sample-C8BLR-150, asshown in Figure 4.32). This
Imagewas takeron the lower platenearwhere the uppermost bolt was located. The stick
region is apparent around the bolt hole, where the coating remained attached to the surface
due to the higher clamping force applied bg €50LRHuck bolts. The coating of the upper
plate in which failure occurred at the hole edge remained attached to the coating of the lower
plate, and this image shows the back of the coating that had been attached to the upper plate.
This explains the ntal like colaur in the stick region instead of the original green aolaf
the coating. In the gross slip area, the coating was removed from the contacting surfaces
away from the hole due to the fretting weand some wear pits can beenon the surface
At the boundary between the stick and gross slip regions, a smaller partial slip region is
apparent.

Figure 4.32b) shows similar features in the area around the hole of the uppermost bolt
of the lower plate for specimen @B0LR-150. Wear pits can be exe in the global slip
region where fretting wear removed the coating. The coating remained attached to the
surface in the stick regigrbut remained stuck to the upper plate when the sample was
dismantled At the boundary between the regions, cracks caseka inthe coating in the

partial slip region.

An SEM image ofan areain the partial slip region of the upper plate for samp&
C50LR is shown in Figure 4.33he partial slip region isot as evident as in Figure 4.21
because specimen €HOLR-150 was subjected to 6 millidewer cycles than sample B3
A325-150. The partial slipegion of sample G&50LR-150 wa located some distance
away from the hole, where a number of micro cracks were nucleated, as shown in¢he high

magniication SEM image in Figure 434 These micro cracks had
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Additionally, surface damage and oxidised particles were found in the surrounding area

caused by the relative slip.

()

Global slip region

Partial slip region

Stick region

Figure 4.32 Optical microscopic image of the stiskp regions at the contact interface @) sample C38
C50LR-150 and (b) sample @@50LR-150.

Global slip region

Partial slip region

Stick region

SEl 15kV WD11mm x30 500um
Figure 4.33 SEM micrograph of thbeoundaries of the partial slip region at the contact interface of sample
C8-C50LR-150.
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Oxidised patrticles

Micro crack

SEl 15kV WD11mm x2,000 10pm
Figure 4.34 SEM micrograph of the partial slip regishowing a micrecrack on the surface of sample
C8-C50LR-150.

The displacementsormal to the applied load (cof-plane displacements) for sample
C10-C50LR-150 are presented in Figure 8(&8). The displacements increased initially
before stabilimg after 480 fatigue cycles. The mean displacement of the upper plate was
2.135 mm and the lower plate mean displacement was 2.12 mm. Conseqberglyyds a
g a p onhat thescontact interface along the visible edge of the sample

The outof-plane disphcement field at the maximum load for sample -CHOLR-150 is
shown in Figure 4.3B). The highest oubf-plane displacement was locatedtsd top of the
sample. The owbf-plane displacement along the bolt axis was approximately 2.7 mm,
which is 0.23 mmhigher than the sample assembled witGB (B5A325-150) in Figure
4.23Db). The gap between the plates at the centerline of the bolt on ible wdge of the
s amp |l e mywehieh islseven times smaller than the sample assembled with A325 HSB
(sample B5A325-150). This is believed to be the result of the C50LR Huck tension control
bolts having higher bolt preload than the A325 HSB.
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Figure 4.35 Maximum displacements in thedirection measured in sample GEC80LR-150.(a) Graph
of the maximum, minimum and relative displacements in the upper and lower plates along the bolt axis;

and (b) measured peak displacements in the x direction at theyd@ (mm).

169 MPa stress rage

The displacements parallel to the applledd at points W and L for sample C14
C50LR-169, which had a Class B surface finish with C50LR Huck tension control bolts
with a higher stress range of 169 MRae shown in Figure 4.8%). The displacements
reached stabilized values around 580 fatigue cycdés minimum displaceent of the

upper plate was 1.43%m while that of the lower plate was 1.29%m. This shows that
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there was a permanent displacementapproximately 1.3 mm when the specimen was
nearly unloaded, due to tisettlingin of the sample. The minimum relative displacement at
the 793" cycle was 0.4 mm, which corresponds to settling effects between the plates

similar to the specimens dissesl above.
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Figure 4.36 Displacements parallel to the applied load (y axis) in sampleGEDLR-169:(a) Graph of

the maximum, minimum, and relative displacements in the upper and lower plates along the bolt axis; (b)
measured peak displacements at the788gue cycle; and jadisplacements at the 79fatigue cycle in
the y direction (mm).
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Between the 798and the 798 cycle, the amount of slip that occurred on the exposed
surface of the specimen alongetholt axis over a cycle wa® mg which is believed to
have caused fretting damage within the contact interface. The maximum and minimum
displacements of the platescreased steadily over the first 300,000 cycles. Consequently,
the relative slip betweenthe plate dur i ng a cy crh &teri300,000eyalessed t o
The relative displacement values are very similar to those of specima8281 6 9 , 13 &m
atthe828cycl e, and 23 em after 290,000 cycl es.

The distribution of the maximum displacements along the edge of the sample is shown in
Figure 4.%(b), which is also similar to that of the sample adsied with A325 HSB
(Figure 4.24b)). The maximum displacemewts located at the top of the upper plate. This
distribution of displacements is consistent with the combined effects of slip and bending.
The relative displacement at the contact interface at the bolt axis was 0.148 mm and at the
top edge of the lower pglawas 0.225 mm, respectively. These values are slightly lower than
the sample B&325-169 (0.2 mm and 0.329 mm, respectively).

The displacements caused in sample -CBOLR-169 when the minimum load of the
cycle was applied are shown in Figure6{c3. Thedistribution of the displacement field is
similar tothat observed fospeimen B8A325-169 in Figure 4.2&), with lower values of
displacement. The relative displacement at the bolt axis was 0.142 mm and at the edge of
the lower plate was 0.217 mm. Tkedisplacements are lowdrain those of sample B8
A325-169 (0.189 mm and 0.297 mm, respectively)ese values probably correspond to the

settlingin displacements of the sample.

The axial normalstrains along the visible edge of specimen -CBOLR-169 when the
maximumcyclic loadwasapplied are shown in Figure 4(&J. The maximum strain values
occur in theupper plateand extend from the bolt axi$ose to the contact interface between
the plaesupward and slightly away from the interfaddne peak strain value is at the top of
the upper plate inside of the AOI and unlike the other specimens, the strain is also high at
the bolt axis.Thus this specimen had a different behaviour than sampldAEH-169
although the peak strain values at the top of the upper plate were similar.

106



(b)

y (mm)

22
17
12

-13
-18

.001645
0.001628 .001532
10.001364

.001197

.001029

0.001612

.000862

.000695

.000527

.000360

\\
/
0.00005 0.0001 0.00015 0.0002

Curvature (1/mm)

Figure 4.37 Bending analysis results in sample @180LR-169: (a) Normal strains parallel to the

applied load (yaxis); and (b) Curvature along the specimen edge in the upper plate.

The curvaturen the upper platef sample C14C50LR-169 along the visible edgs
shown in Figire 4.37b). In this case, the maximum curvature occurred along the bolt axis,
which is differentfrom that of sampld38-A325-169; the peak values are similar but they
occur at different place he reason for this is unknown. The highkialues of curvature in
Specimens B8A325-169 and C14C50LR-169 compared to Specimens 8825150 and
C10-C50LR-150 demonstrates that the secondary bending effect was pnon@unced in
specimensubjected to th&69 MPa stress rang@&gain, this explains why the fatigue life of

specimens tested at the 169 MPa stress range fell well below the CSIM S curve.
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The maximum curvature value was used to determine the bending moment value of
122.47 kNmm and a bnding stress 0f59.43 MPa. The total stress applied to the sample
resulted in 328.44 MPa, which caused a low fatigue life.

Optical microscopic images of the contact surface of sampleGEDLAR-169 in the
region above the liohole are shown ifrigure 4.38and look similar to samples assembled
with A325 HSB subjected tthe 169 MPa stress range (Figure 4).2Bretting wear and
micro-cracks were found on the surface, the global and stick regions could be ideatified
the partial slip region wakcated between thenas shown in igure 4.38a). For these
images,the coating that was attached to the surface in the stick regiointeasonally
removed to inspect the area. In the partial slip region, a weaapibe seen, which was
caused by thestress concentration (tangential and normal forces) on the surface where
cracks could have initiated. Also, fretting wear can be seen in the global slip, remised

by the high relative displacements.

Stick region

X7 2mm I

X7 Smm I

Figure 4.38 Contact interface of sample GGB0LR-169: (a) Partial sticklip regions above the hole;
and (b) Partial sticklip regions around the hole.
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Figure 4.38b) shows similar features on the contact surface around the hole of sample
C14C50LR169. It can beseenthat thesurfacein the stick region has suffered minor
damage. The coating located close to the global slip region shows major damage but less
severe than that of sam@8-A325-169in Figure 4.3. The coating of the upper plate was
attached to the @ing of the lower plate in the stick regicBome surface damage was
found along with ploughing lines parallel to the apg@lioad, as shown in Figure 4.3khe
large displacements caused by the 169 MPa stress range caused gross slip on the surface to

produce the surface wear related damage.

Surface damage

s

Ploughing lines **

Micro-cracks

SEI 15KV WD11mm x2,000 10pm
Figure 4.39 SEM micrograph of the gross slip region, showing fretting damage at the contact interface of
sample C14C50LR-169.

The measured owf-plane displacements for sample G180LR-169 are presented in
Figure 4.40a). Both plates deflectdaly similar amountswith maximum displacemenis
the upper and lower platedong the bolt axis adjacent to the interface8df76 mm and
3.181 mmrespectively. The gap between the plates abtieaxis was thereforé me As
discussed before, if a similar gap existedchimitthe sample (i.e. not only on the surface), it
would be responsible for the reduced fretting damage at the contact interface. The higher
out-of-plane displacements also increased the possibility of stress concentration sites at the

hole, causing crackitiation and fracture in the form of bending fatigue.
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Figure 4.40 Displacements perpéicular to the applied load-xis) in sample CEE50LR-169: (a)
Graph of the maximum, minimum, and relative displacements in the upper and lower plates along the bolt

axis; and (b) measured peak displacements at tHefa@gue cycle.

The distribution of the maximum displacementsd #imeir values at various points in the

area of mterest are shown in Figure 480 The maximum oubf-plane displacement in
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sample C14C50LR-169 was similar to that of B8325-169 HSB(Figure 4.28(b)). A gap
of nbwas present at the specimaurface near the first bolt, which was eleven times
smaller than the gap presen the sample B&325-1 5 0 n)5 This is evidence that the
tension control bolts were able to apply a highertprsion to the amection. Moreover, a
gap of50 mewas presnt at the top end of the lewplate, an observation consistent with

secondary bending.

An analysis was undertaken to better understand the secondary bending effect in samples

with Class B surfaceand C50LR Huck tension control bolts. The secondary bendiifect

was similar to tht observed for the samples assembled with Class B surface finish and
A325 HSB. A schematic representation of the-afuplane displacements measured using

the DIC images for samples GOB0LR-150 and C14C50LR-169 are shown in Bures

4.41(a) and 4.4b), respectively. A small amount ootation (twisting) 0.63° for sample
C10-C50LR-150 and 0.77° for sample of GBBOLR-169) was present along the axis of the

first bolt of the assembled bolted specimendich is also consistentitn secondary

bending.

It can be seen from the above results that the specimens with Class B surface finishes
were predominantly subjected to the combined effect of fretting fatigue and secondary
bending. The bending effect resulted in stress concentrsitesin the upper plataround
and abovehe first bolt of the connection. The samples tested at the lower stress range levels
(i.e., an applied fatigue load lower than half the yield stressjbitedmorefretting damage
characteristics on the contaxy surface. At higher stress range levels, the secondary
bending effects were more dominant as compared to fretting fatigue behamut is
possible that the larger gaps between the plates at the higher load reduced the fretting
effects.The reason bend the predominant bending failure for specimens with a Class B
surface finish could be due to the coating on these contacting surfaces, which delayed
fretting fatigue crack initiation long enough for crack initiation due to bending to occur. As
the relaive displacement between the contacting plate surfaces induced a frictional force, it
caused fretting wear on the contacting surfaces, and the surface coating was removed in the
grossslip region. As fretting continued, it caused new microcracks to necteathe virgin
uncoated surface. Evethough the fretting continued to cause furtherndsge on the
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contacting surfaceshe secondary bending effect initiated a crack at the bolt hole due to the

stress concentration sites and led to failure.
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Figure 4.41 Displaced shapest maximum cyclic loadsf samples tested with different stress ran@ms:
Sample C1aC50LR-150 at 777 cycles, and (b) Sample €180LR-169 at 795 cycles.

4.5.3 Class Asurface: Fretting Fatigue

Since both A325 HSB and C50LR Huck tension control bolt specimens with Class B
surface finishes showed simil&retting fatigue features on their contact surfadgesvas
assumed that specimens with the Class A surface finisiA328 HSB might alse@xhibit
similar fretting fatigue behaviour at the contact interfatbe resultsconfirmed that

specimens with &lass A surface finisandA325 HSB experienced fretting fatigue failure.

In these samples, crack initiation took place do severe fretting damage at the contact
interface and then the cracks propagated to final failure. Although the relative displacements
were not measured using the DIC technique for these samples, based on the stereo
microscope and scanning electron rogcope (SEM) images, the slip behaviours were

likely similar to Class B surfaces. The contact interface was examined to analyse the fretting
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phenomenon (fretting wear, slip behaviour, surface micro cracks) and the fractured surface

was analysed to undeasitd the crack initiation and crack propagation behaviour.

Two samples, A1A325150 and A12A325-150, were selected for analysing the
fretting fatigue failure behaviouphotographs of the contact surfaces dtéure are shown
in Figure 4.42 The area around the first and the sixth hole of the plates suffered severe
fretting damage, while the contact interface between the second and the fourth holes

experienced less surface damage.

The surface characteristics of the specimens with ClassfAcsufinish and A325 HSB
were very similar. Due to the applied bolt preload, the contacting surfaces exhibited stick,
partial slip and global slipegions, as shown in Figure 4(43 The stick regions around the
hole experienced minimal surface damage tlu fretting. However, the partial stiskp
regions, located a certain distance away from the first hole, exhibited severe surface damage
and fretting wear (Figuee4.43(a) andb)).

Sevee fretting damage
Severe fretting damag:
Lower plate v
Fretting failure ‘

Upper plate

Figure 4.42 Contact interface of samples AXB25-150 and A12A325-150 after fretting fatigue failure.

Figure 4.48c) shows the contact interface of Sample ABR5-150 in the vicinity of
the failure surfaceThe cracks nucleated at multiple locations away from dittehiole due to
fretting. The nucleation of microcracks was the resuladiigher frictional force at the

boundary between ¢hstick and global slip regiorfse. inthe partial stickslip regior). The
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higher frictional forces induced stress concentrasives around the stieslip regions and
promoted the nucleation of multiple microcracks. These microcracks coalesced into a

leading crack éfore initiating final failure.

(a) (b)

Edge offracture surface

Fretting wear Frettingwear

Wear pits

Figure 4.43 Optical images ofretting fatigue damagéa) Fretting fatigue damage in sample-A825
136; (b) Fretting failure of sample A4&325-150, and (c) Contact surfaceseEfmple A18A325-150 near

the location of fracture.

The partial slipstick regions of different specimens made with Class A surface finish
were identified in the optical microspic images shown in Figure 4.4fihe images show
the area above the uppermostehof each lower plate that was in contact with the upper
plate where fretting fatigue failure occurred. Samples-A325-150 and A11-A325-150 (in
Figures 4.4¢a) and4.44b), respectively) show the most damage on the surface dbe to
higher applied lod andhigher stress concentration in the partial slip region. The global slip
region in both samples is covered by debris caused by the relative slip between the plates
whereas the stick region in both specimens shows no apparent damage. Multiple crack

initiation sites and final fracture occurred in the partial slip regions in the upper plate.
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Figure 4.44 Patrtial slipstick regions of fretting fatigue damapsurfaces(a) Sample A1A325-150; (b)
Sample A11A325-150; (c) Sample AA325-136; and (d) Sample AR325-122.

Figure 4.44c) shows the surface of sample-A325-136 which was subjected to the
stress range of 136 MPa and had a fatigue life of 2.6 million cycles. The surface damage in
the globalslip regionwas severe in the form of fretting wear pits. The stress concentration
in the partial slip region was lower thamspecimens subjected to the 150 MPa stress range.

Similarly, the stress concentration in the partial slip region of sampla3&®%-122 which
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