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ERRATA

Typing error in bolt flexibility equation in Chapter 4.4
Correct equation is:

b (t1+t2ja 1 1 1 1
C=—x + + +
n _2d )J\tE, ntE, (QLE, 2ntE,

C = fastener flexibility
d = fastener diameter
E =Young modulus

t = Plate thickness

singleshear: n=1
double shear : n =2

In case of double shear t; is the thickness of the female part and t; is the thickness of the male
part

bolted metallic joints: a=2/3 b=3.0
riveted metallic joints: a=2/5 bh=22
bolted graphite/epoxy joints: a = 2/3 b=4.2
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FATIGUE ANALYSISOF RIVETED ORBOLTED
CONNECTIONSUSING THE FINITE ELEMENT METHOD

ABSTRACT

The determination of the crack initiation life ofiaeted or bolted connection requires a precisaputation of
the stress distribution around the critical fastdraes. For simple joint configurations, suchexssion lap joints
and lugs, and under certain conditions, the armlyan be performed by hand with an acceptable acguFor
more complex joints this task can be very time aomgg and the simplifications introduced in the dhan
calculation methods can lead to inaccurate resoltseven worst, to false life predictions. Moreqver
comparison between several sources found in taelitre has shown that for a same joint configomakiig
differences can be obtained in the maximum stresdigtion (up to a factor of 2). The consequencéhi,
depending on the source used, extremely differesilts in the fatigue strength assessment of aeotion are
obtained. This unsatisfactory situation as wellhesneed for a more universal analysis technigtmdciwcan be
used on a wide range of joints geometry, motivaiteddevelopment of an analysis method based oFittie
Element Method.

NOTATION

a fastener edge distance
d fastener diameter

e fastener-to-hole clearance as a percentage of d
t plate thickness

Apa  bar element area
Aq rod element area
C fastener flexibility

E Youngs modulus
lbar  bar element moment of inertia
Ky lug net stress concentration factor

Ke  pin bending factor
N,g number of rod elements per fastener
w lug width

Aassy assembly compliance
0 load angle

SN Stress-life
eN Strain-life

1 INTRODUCTION

The fatigue strength assessment of joints is a @oyrocess, which includes various engineeriniglfiesuch
as load time history assessment, material data letly®, tests definition and interpretation, loadhpa
assessment within the structure and detailed stlistisbution computation. The stress distributassessment
within the connected parts and the maximum stresgpatation around the fastener holes are the subfehis
paper.

Over the past decades, conventional hand calcolatiethods have been developed to compute the maximu
stress around holes loaded by fasteners and bygassids. These methods are based on curves pnestg
stress concentration factors, which are to be aegpid the bearing stress or the net stress inibmdf the
joint/plate geometry for standard loading casestel joints the load transferred by each fastémeeacted
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partly by shear and partly by tension within thamected parts. The task of the stress engineerasgess how
much of the bearing load is reacted by tensiontgndhear respectively, and to determine the gtussdiress
and shear stress within the connected parts (afiedcbypassing stresses). In other words, the goab
breakdown the complex stress field into severaldsed loading cases, for which it is possible tmpate the
stress distribution around the hole using the cumentioned above and then combine the resultsmipate the
maximum principal stress at the critical locatiéntypical example showing the procedure describeava is
presented in Figure 1. All cases mentioned aboldpaked at separately, lead to a maximum stress
concentration at different positions around theehdlhis makes the analysis more complex. Therefiis,
procedure is difficult and time consuming. In atdit secondary effects, such as local out-of-plageding and
tension of the fastener can occur. In these ins&@nit is very difficult to compute the stress amduhe hole
using conventional hand calculation techniques thede effects are usually neglected. Unfortunatéig, can
lead to inaccurate results.

The stress distribution and the maximum principedss around a fastened hole can be computed luly vkidim
an acceptable accuracy for “simple” connectionshsas tension lap joints or lugs, when the ratedepthickness
over bolt/rivet diameter (t/d) is below 0.5. Fogheér t/d, stress peaking due to pin bending wituncat the
faying surface (see Figure 2). The peaking fadtqy) (depends on many factors such as the lug geontry,
and lug modulus of elasticity and the out-of-plegstrain of the connected parts. The curves foas@ssment
of Ky, found in literature show a large scatter betwdendifferent sources. This, in turn, leads to \different
results in the fatigue strength assessment.

The method presented in this paper permits to aggety the load distribution within the fasteaén multiple
fastener joints and secondly the stress distrinugimund each fastener hole in one analysis loope khat the
fasteners do not necessarily need to lie withinglaee and that any 3D bolting configurations canwodelled.
The goal is to keep the model complexity to a mimmand to avoid the use of contact or gap elem@tisse
elements can lead to severe convergence problednisigim computational time.

The FE method presented uses the following elemeititsproperties adapted to the fastener type aatbrial:
a) solid elements for the connected parts

b) bar elements for the fasteners

¢) rod elements for the interaction between thtefeess and the connected parts

d) rigid elements for the fasteners head

In order to simulate the contact between the fastand the connected parts, non-linear materiglqsties are
used for some elements, i.e. zero stiffness inidanand fastener material modulus in compressidms T
modelling method is easy to implement in FEM withday’s pre-processors and it shows a rapid connergef
the solution.

2 CONVENTIONAL CALCULATIONS

In conventional calculations of bolted/riveted fsinthe first step is to define the critical locatiby computing
the load distribution within the fasteners. This t® performed by hand, by using dedicated compuitggrams
or by the finite element method using, for examplate elements for the connected parts and sgigmgents
for the fasteners. The second step is to definglitial stress field in the vicinity of the holedato assess how
much of the load transferred by the fastener istegaby shear and how much is reacted by tensitminihe
connected parts (see Figure 1). The third step ompute the maximum stress around the hole atiogufor
the effects mentioned above. This step can be peeid “manually” or can be automated in computegpams.
Whichever of the methods is used, the maximum stemputation is usually based on curves, whichpeatly
be found in literature. A comparison between sdwiferent sources is presented in the following.

Figure 3 shows the stress concentration factoqirage-ended lugs ¢(Kin function of the lug geometry as a
comparison between references [1], [2] and [3]. Theves are based on an edge distance over lud watib
(a/W) of 0.5 and present, kb function of the fastener diameter over lug Wwidatio (d/W). The curves show a
very good agreement between the different sourdbsdifferences remaining below 10%.

Figure 4 shows the pin bending factorfin function of the plate thickness over fastedi@meter ratio (t/d) as
a comparison between references [1], [2] and [3k iInteresting to pick out that references [1d §8] account
for the plate and fastener modulus, but do nokedkffitiate between single shear and double shegoitats,

while [2] accounts for the joint configuration,.igngle shear or double shear, but does not atéouthe plate
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and fastener modulus. Also note that in refererjdésand [2] the given curves are valid only for teém
conditions and are presented as a guide for pradimidesign. Moreover, [2] strongly recommendsube of a
computer to assess the stress distribution archenéastener hole.

The curves presented in Figure 4 show very largerepancies (up to 200%) in the, KThis is definitely not
acceptable on a fatigue analysis point of view, mhemall stress differences can lead to huge sdattiéfe
calculation.

3 FEM DESCRIPTION

3.1 Detailed Model of the Connection (“FE Method 1")

A very detailed way to model a bolted/riveted catiman is to use solid elements to idealize thegdand
fasteners, and to use gap/contact elements to mictmuthe interaction between the fasteners aacctinnected
plates (see Figure 5).

In practice, when connections including severatddavets have to be analysed, this way of modgléan lead

to severe convergence problems (MSC/NASTRAN solMdgreover, high computational time is necessary to
find a solution because the use of gap elementinexjmany small load steps during the iterationcess.
Therefore, this way of modelling is definitely nedapted to development projects, which requiretsthesign
loops and quick responses to the problems.

However, the author believes that this is one efrtiost exact methods available today to model thgmes of
joints. Therefore, this modelling method, calleddie FE Method 1, will be used as reference forvéi@ation
of the simplified FE method (herein FE Method 23a&ed below.

3.2 Simplified Model of the Connection (“FE Method 2”)

As for FE Method 1, the plates are idealized usioigd elements. The bolts/rivets are idealized aydlements
to simulate the fastener axial and bending behandrby rod elements to simulate the load trarstéwveen the
bolts and the connected plates. The bar elemeatpamitioned along the fastener axis and have thedulus

of the fastener material and the axial and bengiogerties of the fastener {&md%4 respectively,=md"/64).
When a preload is applied to the assembly, theakiml properties are modified to account for theeasbly
complianceA sssy (Abarzllkassy'ru:izm, with A.ssy < 1.0). The fastener axis is connected to the platenbans of
radial rod elements, which lie in equidistant peuperpendicular to the plate bolt axis. The areghefrod
elements (fg) is defined in such a way so that the sum of tiea af the rods used to model one bolt represents
the area of the hole surface or, in other wordg=fdt/N,,g With N,o,q being the number of rod elements used.
The rod elements have non-linear properties to wdcfor the contact between the fastener and tage pi.e.
zero stiffness in tension and the E-modulus ofiélséener material in compression.

A rigid element (RBE2 in MSC/NASTRAN) on the bokdd side is used to simulate the bolt head, i.ensore
the axial load and the local bending moment transéween the fastener and the plate. The platacuarea
used to react these axial and bending loads id émjtlee fastener head contact area.

Another rigid element (RBE2) is used on the consatface of each connected plates. These elementect
the out-of-plane degree of freedom of the nodabeplates contact surfaces in order to avoid eskeedocal
deformation around the holes and to account foréis&rain provided by the contact between the plafbese
elements are only used when the connected parferaed to stay in contact, for example when aqursion is
applied to the fastener. In the case of lugs witjap between the male and female parts, these eteme not
used.

Note that the use of non-linear rod elements inkigagap elements to idealize the interaction betwthe
fasteners and the plates minimizes the convergertdems and reduces the computational time bgt@rf to
10, because much less load increment steps argaédo find the solution.

An example of FE Method 2 mesh is presented irFtbare 6.
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3.3 Single Lap Joint Mesh for analysis study

A typical single lap joint FE model is shown in Big 7. Because no out-of-plane restrain is provitied bolts
are needed to react the local bending coming fieenaffset between the plates. The bolts are canettan
rotation about their axis to avoid excessive rotatf the bar elements, which could lead to nuraépcoblems.
One plate is clamped at its end (no translation mmdotation), while the other plate end, where tision
loading is applied, is retrained in rotation (séguFe 8). This kind of model has been used fordbmputation
of the pin bending effect (g and of the joint stiffness for single lap joirdsnfiguration. The single lap joint
model should provide a higher bound fa &ince no out-of-plane restrain is applied to thenection.

3.4 Double Lap Joint Mesh for analysis study

A typical double lap joint FE model is shown in tRigure 9. The male plate is clamped at its endi@uslation

and no rotation), while the female plate end, wtbaeetension loading is applied, is restrainedoitation (see
Figure 10). Symmetry boundary conditions are appéiethe symmetry plane (male plate mid-plane).-&ut
plane restrain is applied at the female plate osteface to avoid bending of the plate. The botiisstrained in
rotation about its axis to avoid excessive rotatbhe bar elements, which could lead to numeficablems.

This kind of model has been used for the computaticthe pin bending effect (§ and of the joint stiffness for
double lap joints configuration. The double lapnjomodel should provide a lower bound foy, Kince the

connection is hold flat (no out-of-plane deformatie possible).

4 RESULTS

4.1 Lug Net Stress ConcentrationK

The lug net stress concentration factors for sqeaded lugs have been computed using FE model$asitui
the model shown in Figures 11 and 12. The a/W faiilge distance to lug width) has been kept cohstad.5,
while the d/W ratio (pin diameter to lug width) Hasen varied from 0.2 to 0.7.

Figure 13 shows the comparison of the computedstiess concentration between the FE Method 1 and FE
Method 2. A very good agreement is demonstratel aifferences lower than 3%.

Figure 14 shows a comparison between the curvespied in references [1], [2] & [3] and the FE MutiR.
They correspond well. The differences lie betwegnanhd 20%, depending on which reference is takeheas
basis for the comparison. Note that the FE Metleadl$ to lower Kthan the ESDU [1] method throughout the
entire d/W range (-6% to -12% difference for 0.2I/A4/ < 0.6). One possible reason is explained imitlat
Section 5.1.

4.2 Pin Bending Factor K,

The pin bending factor has been computed usingitigde lap (Figure 7), double lap (Figure 9) andariag
(Figure 12) models for different geometries. The Ipénding factor is defined as the maximum stresspated
around the lug hole near the faying surface inlsiry double lap joints divided by the maximum s$re
computed around the lug hole in a male lug (no leeckntricity) having the same geometry (pin di@metdge
distance, thickness and width).

Figure 15 shows a comparison of the pin bendintpfametween the FE Method 1 and FE Method 2. Atfaén
two modelling methods correspond fairly well witlich other.

The study has shown that the pin bending factoedép on different factors such as the t/d ratie, dht-of-
plane restrain of the connection and, to a smakéend, the FE ratio (pin E-modulus over plate E-Modulus).
The curves presented in references [1] to [3] reglither the FE, effect or the out-of-plane restrain factor and
are generally optimistic regarding to the FE resulith the exception of the curve for single lajn§® presented
in reference [2].
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The Figure 16 shows a comparison between the cpmesented in [2] and the FE Method 2 curves foglsi
lap joints and double lap joints. Both methods shbw same trend in theKbut substantial differences are
observed. As previously stated, reference [2] moestithat the given curves are presented as a daide
preliminary design.

FEM studies on several other joint configuratioegealed that the stiffness of the connected partgedl as the
stiffness of the surrounding structure or the ba@updatonditions play a major role in the,Kalue for t/d > 0.5.
This could explain the big scatter in thg Burves found in literature, which are probably based on the same
test or boundary conditions. This is a strong argutrior the use of detailed FEM analysis, whiclalide to
account for the specificity of the joint analysed.

4.3 Load Angle Effect

The maximum principal stress around a fastener isoliependent on the loading direction. In otherdspthe
maximum stress depends on the way the fasteneidaadcted in the plate: tension, compressiomears

A study have been performed on a round-ended Ity thie loading angle varying from 0° to 180°. The F
model used for this study is shown in Figure 17 #madprincipal stress distribution for a loadingyenof 45° is
shown in Figure 18. The lug geometry was definethagollowing: a = 55mm, d = 54mm, W = 110mm and

t = 22.5mm. The lug and the pin are made of alwmini

Figure 19 shows the computed maximum principakstfer the lug geometry described above in funabibtie
load angled using reference [3] curves and the FE Method 2ufei@0 presents the difference in [%] between
the two methods. A very good agreement has beemdfaith a difference remaining below 10% for loagin
angles up to 150°. For loading angles between 2B@°180° the agreement is less good and the differean
reach 25%. However, at these high loading angkesiaximum stress is lower by a factor 2 to 3 thasnaaller
loading angles. Therefore, the relative differeisceigher, although the absolute difference ishigger than for
other loading angles (see Figure 21).

Note that the stress distribution and the maximtness depend on the position of the clamping ocaise of a
continuous structure, on the stiffness of the bpckwucture. In this study, the clamping was pos#id 110 mm
away from the pin axis.

4.4 Stiffness

In multiple fasteners joints an accurate assessofethie fastener flexibility is paramount for thetermination
of the joint load distribution. Several semi-empéti formulas for the calculation of fastener flakiip exist in
literature. According to [4], these formulas turrad to be inaccurate or at least not applicableafaide range
of joint geometries. An extensive experimental Btigation has been performed [4] during which faste
flexibilities for a wide range of joints of pracéikinterest were determined. A formula for fasteftexibility has
been derived [4] from the tests results and prdedak significantly superior to those found infégire:

c:(ﬁj91+1+1+1 0
2d ) n\tE nt,E, ntE, 2nt,E;

with:  C = fastener flexibility
d =fastener diameter
E = Young modulus
t = Plate thickness

n = 1 for single shear joints
n = 2 for double shear joints

a = 2/3; b = 3.0 for bolted metallic joints

Indices: 1 for top plate or male lug, 2 for bottphate or female lug and 3 for fastener
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Because the formula (1) corresponds very well west results for a wide range of joints configuas, it is
taken as a basis to validate the FE Method 2.

Reference [4] presents a procedure to experimgndigtermine the deformation of the joint. The jowds
equipped with a strain gage extensometer and #stieldeformations of the specimen segments witlérgage
length were eliminated by electric compensations fnocedure permits to directly record the loatbdeation
curve.

An equivalent procedure has been used to detertmeedeformation of the joint in the FE model. The
displacements at each end of the plates are codptitis permits to compute the total deformationtioe
assembly, including bolt bending, bearing defororatind plates elongation. Then the elastic defoomaltf the
plates is subtracted to derive the deformatiorhefjbint.

Figure 22 presents the comparison of the joinfrgtffs computed with Equation (1) and with the FEHdd 2
for different bolted joint configurations. The agment is very good with differences staying beld#sl thus
showing that this modelling method can accurateddiet the joint stiffness.

5 LIMITATIONS

5.1 Interference Fit / Clearance Fit Fasteners

The use of rod elements with non-linear properteesdealise the contact between the fasteners had t
connected parts means that the gap between tlenéastand the plates is equal to zero, i.e. thara light
interference fit fastener is simulated. Thus, tBerfrethod 2 implies that the stress relief aroursdhble due to
the fastener stiffness is taken into account iratheysis.

The fastener-to-hole clearance significantly affettie stress concentration. Reference [1] presenisthod to
assess the impact of the clearance on the maxintiasss Figure 23 shows the stress concentratiovesur
computed from Ref [1] for square-ended lugs witW & 0.5 in function of d/W for e = 0.0%, e = 0.1%da
e = 0.2%, with e being the fastener-to-hole cleegaas a percentage of d. Note that the curve f008% is a
kind of extrapolation and thus, considered as gmyt.

It is worth mentioning that a very small clearaifee< 0.1%) is usually only obtained in laboratopgsimens,
where a careful manufacturing is expected and dividual pairing of hole and fastener is performedr this
reason it is recommended to use curves with e SrOtBe daily practice [1] when clearance fit fames are
used.

The FE Method 1, which uses gap elements, is ablsirulate fastener-to-hole clearance. Therefdris, t
method has been used to study the impact of then@sto-hole clearance on the computed stresseotration.
Figure 24 shows the stress concentration curveputad by FE for square-ended lugs with a/W = 0.5 in
function of d/W for e = 0.0%, e = 0.1% and e = 0.2%

A comparison between Figures 23 and 24 shows tmatptedicted impact of the clearance on the stress
concentration is of the same order for both meth{@atgure 25), i.e. the steps between the curveg for0.0%,

e =0.1% and e = 0.2% are similar for both methédsa first approximation, a stress increase of 1020% is
expected for the d/W range of 0.2 to 0.7 when fearance is increased form 0.0% (light interferefigeto
0.2% (clearance fit).

In order to derive a safety margin for fatigue, enal data have to be used to compute the allowtbigue
stress or to predict the fatigue life of the asdgnibhese data are based on fatigue tests withigumattions
depending on the analysis approach used, globlakat, i.e. stress-life (SN) or strain-lifeN). The derivation
of SN curves can be based on different test cordiganns such as coupons with known stress condenmira
factors, bolted joints with clearance fit fastenersnterference fit fasteners, riveted joints,dugith or without
bushes, etc. In the caseedf curves standardised coupons are used.

Depending on the fatigue analysis approach usedarttie material data available to the engineer rédsults
obtained by the FE Method 2 have to be slightlypseld In the following list, analysis procedures proposed
for different configurations, which can be encouetkin practice.
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1. Clearance fit fasteners and SN curves for piaterial oreN curves: correct the FE results using the method
presented in ESDU [1] for e = 0.2%.

2. Interference fit fasteners or lugs with integfece fit bushes or press-fit bushes and SN curvepléin
material: correct the FE results using the methedgnted in ESDU [1] for e = 0.2% and apply thepseth
correction factor on stress or life to accounttfe interference fit effect. The use of the FE ltssand SN
curves without any correction should lead to covestiere results.

3. Interference fit fasteners or lugs with integfece fit bushes or press-fit bushes and correspgrél curves:
use FE Method 2 results without corrections.

4. Interference fit fasteners or lugs with inteeface fit bushes or press-fit bushes aNcturves: correct the FE
results using the method presented in ESDU [1]efer 0.2% and apply the adapted correction factor on
stress or life to account for the interferenceeffect. The use of the FE results aid curves without any
correction should lead to conservative results.

5. Riveted connection and corresponding SN cunwves:FE Method 2 without corrections.

6. Lugs with clearance fit pins and correspondihgcBrves: use FE Method 2 without corrections.

The list presented above is intended as guidandedaes not cover all possibilities, which couldsarin
practice. Therefore, it is the engineer’s choicadapt his analytical approach from case to casée hat the
correction method presented in [1] is consideredraapproximation and that the use of curves basatktailed
FEM or tests is recommended.

5.2 Friction between the connected parts

According to [4], frictional forces, depending olamping forces and changing as a results of fatigading,
influence the maximum stress around the hole. \Witheasing friction, the contribution from the biegrload to
the local stress decreases. Redistribution of loadfianges in the load transfer mechanisms resutselief of
the critical volume of material at the edge of thstener hole.

The method presented in this paper as well asaheentional hand calculation methods do not accéamte

load transfer due to friction. Therefore, the faéidife of connections with fasteners having agnsion cannot
be accurately predicted and the results shouldskd with caution, except if the material data alyeimclude

such a parameters (for example SN curves for lagsjovith a given type of fastener with a definedtpnsion)
or except if correction factors based on test tesuk applied.

6 PRACTICAL CONSIDERATIONS

6.1 TET Mesh transition

Traditionally the eight-node hexahedron elemenickbrelement) is the preferred solid element type fo
performing detailed stress analysis. It is capableepresenting linearly-varying displacement atrdss fields
within the element. Due to their brick shape, hiexnents can only be generated by meshing 5 ordidssdlids
(simple solids) or by sweeping quadrilateral pklEments. A typical solid imported from a CAD pag&éas a
complex geometry (with changes of thickness, Sllg@ibtches, etc...) and cannot be directly hex-medhetlst
first be partitioned into simple solids before déncbe hex meshed. This requires planning, patiemztime. It
may take a skilled structural analyst several daysnanually hex-mesh a complex part. This is often
acceptable in development projects, where seveiagd loops have to be performed in a short tinmerdfore,
the automatic tet mesher is preferred. Nowadayppreessor softwares suchfesnap or Patran are capable of
meshing a complex solid directly to generate tetdabn elements. It is called an “automatic” medierause
complex solid geometries can be directly tet-meshétiout any prior geometry manipulation and diéfier
mesh sizes within the part can easily be defindw. dlements generated by these programs are éithale or
10-node tetrahedron elements (TET4 or TET10 eleshehe TET4 element is a constant-strain elemetis
not suitable for capturing the high stress gragigppically found in bolted/riveted connections.eThET10
element is a linear-strain element, which is capaifl representing a linearly-varying stress fielithim the
element. It has four corner nodes and 6 mid-siddesoThe mid-side nodes allow the TET10 elemeihiaie
curved edges and faces, which enable it to caphiereurved part geometry with a quadratic fit.



ICAF 2003

SThlerry Stehlinoipl ing. ETH Fatigue Analysis of Bolted/Riveted Connections Using the FEM
tructural Analysis Office Page: 8 of 20

The modelling method presented in this paper reguir mapped mesh on the fastener hole surfacelén to
have equally spaced spiders of radial rod elemdiits. mesh transition between the mapped mesh anteth
mesh of the solid parts is automatically madd-byiap or Patran, if the hole surface is mapped meshed prior to
the free tetrahedron meshing.

6.2 Minimum node numbers around a hole

A minimum of 10 nodes over the plate thicknes®guired to accurately assess the pin bending gifggt For
standards bolted/riveted connection with t/d betw@ and 2.0 a minimum of 20 nodes along the hole
perimeter are required to ensure an accurate maxisitess computation. For lugs, where the t/d redio be
much lower than 0.5, the number of nodes requisediigher. Attention should be paid to the mesh size
definition in the circumferential and transversakdtions before the mapped meshing of the holéaser The
mesh size should be similar in both directions rideo to minimize the element distortion. Some tgpimesh
used for bolted connection and lug analyses arenshmo Figures 26 and 27.

The minimum nodes number mentioned above is gigem general guide and it is the stress engineecsion

if the mesh size used is fine enough to reach és&ed accuracy in the analysis. A finer mesh ead ko more
accurate results, but at the cost of computatitne. For example the typical number of nodes alrghole
perimeter in the studies presented in this paper2@a Several runs have been performed using 48snaldng
the hole perimeter in order to evaluate the immdidhe mesh size on the analysis accuracy as watinathe
computational time. The difference in the maximuness computation was below 10%, while the analysis

almost doubled.

6.3 Model Size

When the connected parts are meshed with solidezieanthe model size can easily become very larbis.
means time intensive meshing and analysis. In abwases, it is possible to minimise the model &ye
modelling the critical part with solid elements ahe other part with shell elements. Thus, thdrs#s of the
backup structure is accounted for in the analydis &¥minimum impact on the model size.

7/ CONCLUSIONS

The computation of the maximum stress in boltedted joints can be preformed either by using hand
calculation methods or by developing a detailed F&fMhe assembly using gap elements (FE Methodb 1) t
account for the fastener to connected parts inierad3oth methods have their advantages and disdeyes.

The hand calculation methods are quick and easys#p but they are limited to simple load casesh ax
tension in lugs or lap joints. Further they areitéd to certain geometrical configurations. They dae
extrapolated to more complex joints, but in thisecghe analysis can be time consuming and the ificagibns
introduced can lead to rough results. Moreoverpmparison between sources [1], [2] and [3] has shbig
discrepancies (up to a factor of 2) in the assesswifethe pin bending effect, which becomes verpantant
when t/d > 0.5 (plate thickness over fastener diantatio).

The FE Method 1 is very accurate and can accourgffects such as gap or interference betweenasterier
and the plates, local bending, fasteners stiffness, However, this method can be highly time comsg
because convergence problems occur when jointsseitbral fasteners are idealized (MSC/NASTRAN sdlve

A Finite Element Method based on rod elements wibh-linear properties to idealize the fastener latep
interaction has been presented in this paper (FEhdde2). This method shows very similar results mvhe
compared to the Finite Element Method based oretmpents (FE Method 1). The advantage of the FEhbtkt
2 is that the risk of convergence problems is wityu eliminated. Moreover, the computational tine i
considerably reduced (by a factor 2 to 10) regardive FE Method 1, because less load incremens$ step
required for the solution to converge. Studies reh@wn that the computed maximum principal stresasguthe
FE Method 2 is close to the maximum stress prediatng conventional hand calculation methods éwesal
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joint configurations and geometries. In additidre fastener flexibility is accurately predictedjgtgiving a very
good confidence in the load distribution assessméhin multiple fasteners joints.

The FE Method 2 is very flexible and can be adapted lot of practical situations. It can backue thand
calculation in the case of doubts (anticipated llaféects, high t/d ratio, etc.) or it obtains alwmn for
geometries outside the validity range of the haaldutation methods.

This method can also be applied to derive more rateucurves for the pin bending factor accountiag f
different configurations (end fastener in splicestiffeners, structure hold flat, structure freemove in the out-
of-plane direction, etc...). The computed curves ddnd adapted to the specific needs of the compapyogect
and would drastically improve the analysis accumdyigs or tension splices calculated by hand/fbe 0.5.
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Figure 17: Round-ended Lug Mesh for Load Angle Effect Study
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Figure 18: Round-ended Lug Stress Distribution, Load Angle = 45°
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Figure 19: Loading angle influence, comparison between Ref. [3] and FE Method 2
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Figure 20: Loading angle influence, difference in percentage between Ref. [3] and FE Method 2
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Figure 21: Loading angle influence, difference between Ref. [3] and FE Method 2
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ICAF 2003

Fatigue Analysis of Bolted/Riveted Connections Using the FEM
Page: 19 of 20

hierry Stehlinpipl. ing. ETH
tructural Analysis Office

T

M

T rrrprrrrprrrrprrrr T reT
[N RN RN N
[N RN
I T A B
[N RN AR
[N RN
[N RN AR
[N RN AN
[N EEEEENEE RN NN A
[ R
Loty Liddtiad g
[N [N P
e i I IR i
[N | g RN
[aTrmTI @ TOOTrmTT M
1111 =] N N W
[N R Pl
Py ,,%%%,,,,,,,,,,,
[N e = Nt
CATETT o © ot T o ro
I R TR TR (N B
1T Mo o o™ T T
A T I - ~ Ll [ A
[N o D 2 Prrfrrn
4440 O QO+ e
[N 0 D Prrfrrn
L ,,EEE,,, UL L
[N :+++,: RN
EEERREEN T [(RRREREN
| [ | Lo
| I | [N
| = | e
| I | [

| I | [

| [l | |

| [l |

| [ |

| I |

| I |

| I |

| r |

| I )

| I |

Il Il

| I

| |

|

10108} UONRIUSOU0 SSBlIS 18U = 1)

0.8

0.7

0.6

0.5

d/W = (fastener diameter)/(lug width)
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SThierry Stehlinpipl. ing. ETH
tructural Analysis Office

ICAF 2003

Fatigue Analysis of Bolted/Riveted Connections Using the FEM

Page: 20 of 20

w
(&)
I

w

””””” co-4-t-ro-i-t-ro-1-rF----t--A

s N O [

- R R A U A S A A A R R R S AR T R
e [ ey Nty P L _

——ESDU, e =0.0% (attempt) [|-----7-"7

5 +ESDU,e:01% :::::t:::
77777777777777777 -+ ESDU, e =0.2% -~ - - --r--]

4.5 -5~ FE Method 1, e =0.0% [~~~ R
~— FE Method 1, e = 0.1% ---Sor-=g

4 ©-FEMethod1,e=02%  [————— pp—

N
3

net stress concentration factor

Kt
N
I

-
(&)
I

- -

0.7

d/W = (fastener diameter)/(lug width)

Figure 25: Impact of Clearance on the Net Stress Concentration Factor, Ref. [1] & FE Method 1

Figure 26: Typical TET10 mesh at Bolted
Connection (3D Configuration)
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Figure 27: Typical TET10 mesh of Female Lug



