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Abstract

This paper exploits finite element simulations, lgiigal approaches and experimental data in a
study of interference fit fasteners. The influen€®oth the friction factor and the interference
level on the loss of axial load is investigated.aisymmetric FE model using Abaqus shows that
both parameters greatly influence the results.sthdy of the axial strain enables the most
appropriate positions to be identified for sensotanded to investigate the validity of the finite
element analysis results. An analytical study quened to evaluate the relationship between
interference level, friction factor and axial strail along the screw axis. The axial loss of load

and the radial pressure between the screw andatesre also evaluated analytically.
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1-Introduction

Bolt assemblies are a very common feature of eeging designs. When the bolt
assembly is located in a critical sector, it mayréglaced by an interference fit
fastener. In that case, the screw contains a aydiadpart having a diameter larger
than that of the hole where it is fitted and th® tparts are locked together not
only by the tightening load but also by the comHiméfect of friction and radial
pressure due to interference in size at their faterdiameter. Such screws can be

pushed or pulled through the plates by means dafifspéools.

Figure 1: examples of screws and dedicated tool

It has been proved that this process protects #sterier hole from crack
propagation [1] and several studies have shown tisitg interference fit
fasteners increases the fatigue life of struct{2gd-or these reasons, interference
fit fasteners are often used in space and aeraahagpplications. We can assume
that, in some cases, particularly when the interfee level and the friction factor
are too high, a large part of the tightening load be lost through the tangential
contact forces at the interference diameter. Mageoa gap can be created
between the screw head and the plate, creatingnamthorized defect. Of course,
such a situation is not acceptable in an indusapgdlication. In the preliminary
design phase of such an assembly, it would beestiag to be able to evaluate
the axial loss of load as a function of the two mdesign parameters: the
interference level and the friction factor. It wduhlso be of great interest to
experimentally evaluate the axial load under thewdead and at the interface

between plates.

Duprat et al. [3] have studied fatigue life prettintfor an interference fit fastener.
They show that, in 90% of cases, crack initiatioesinot take place at the edge of

the hole but rather between the bore and the efilgkeotest specimen. Their



results were compared to a simplified two-dimenaidmite element simulation
but such a simulation does not enable the studiieotfoad transfer between the
screw and the two plates that are assembled. Marently, Li et al. [4] have
studied the behaviour of an interference fit fastemith a single aluminium sheet.
A photoelastic coating was bonded on to the extesundaces of the bolt in order
to estimate the strain and the values were comparadthree-dimensional finite
element simulation. In order to obtain accurateultss the entire introduction

process was simulated precisely.

Studies performed on interference fit fasteners lamitjoints separately are also

of interest.

Fontaine et al. [5-8] have studied the influencea dbrm defect on the shrinkage
fit characteristics. They show that radial pressaikgays shows peaks at each
contact edge. This tends to induce a non-constast ¢f load along the screw
axis. The edge effect has been precisely studigddiyng the influence of various
fit forms [9].

The average pressure at the shrink-fit interfaceormmonly calculated by using
Lame’s equation [10, 11]. However, it has also bebawn that an analytical
study using Lame’s equation can differ significgnffom a finite element
simulation [12]. It will thus be interesting to dyse the difference between

analytical and FE results.

Finite element studies of bolt assemblies are mrmon use and the coupling of
bolt assemblies with other mechanical componengshieen studied [13, 14] by
using three-dimensional FE simulations. Local stsdcan also be performed

using 2D axisymmetric FE simulations [15] and gieeurate results.

Experimental results are often obtained by plastngin gauges on the cylindrical
part of the screw [15, 16]. In our case, the exediameter of the screw was
involved in the contact with the plates so no strgauge could be placed there.
Another approach would be to use a fastener haamgmbedded fibre optic
Bragg grating sensor as proposed by Hay [17]. Tinshod has already given

satisfactory results in assemblies [18] and coeltelsted in our study.



The aim of this paper is to define and evaluatehods to determine the axial
load in interference fit fasteners which could Beleited in preliminary design.
Based on a case study presented in section 2, @itmensional axisymmetric
Finite Element approach is described in sectioffi8s finite element study is
used as a reference. This kind of study can beopeed during the preliminary
design stage as a validation step. For easy mareagenh the main parameters
involved in the preliminary design stage (in ouseghe interference level and the
friction factor), analytical approaches are oftereferred and an analytical
approach based on Lame’s equations is presentsettion 4. A sensitivity study
related to the case study is presented in sectidinealuates the performance of
the analytical study relative to the finite elemamtialysis. Both approaches are
finally compared to experimental data in section 6.

2- Case study

2-1 Design of the screw

The screw, composed of a titanium alloy, enablenlawminium alloy plates to

be assembled. This design is similar to those urstte aeronautics industry.
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Figure 2: Screw design.

The screw described in figure 2 can be divided fato parts.

From left to right, we can see the head, the shainttametemD, to be fitted in the
holes, the thread, of diamefED, that receives the nut to apply the tightening load
and, finally, the part that enables the screw tpulked through the plates.

In order to obtain a precise and very low frictiactor, a coating was applied to
the shank of the screw. Considering previous indswork, the friction factor
between the screw and the plates was estimatée & 045. The friction factor

between the plates was evaluated to be 0.4.



2-2 Geometrical data

In this study,D = 12.68 mm. Each plate was 24.75 mm thick andrh82long.
The upper plate included a 1-mm chamfer. The raferevalue for the
interference level was 0.80%. This means that0.102 mm A is the difference

betweerD and the inner diameter of the hole in the plates).

2-3 Operating process

The operating process was composed of several. Sthpsscrew was first pulled

through the plates by a dedicated tool that cleti¢he screw and applied a given
introducing load. Then the load was relaxed, tleé veas removed and the screw
was broken near the beginning of the thread. Bintié nut was installed to

provide the preload (tightening load) in the fasten our study, the tightening

load Fo was equal to 50 kN. It induced a tensile stregbénscrew that was about
50% of its UTS (Ultimate Tensile Strength).

3- Finite Element Study

3-1 Finite element model

A finite element analysis was performed using Alsaguth an axisymmetric

model. Three parts were considered: the screw lamdwo plates. The meshing
was refined near the contact area in order to obtare accurate results. The
experimental process to measure the axial strdineirscrew required a hole to be
drilled in the screw axis. This hole (filled witlp@xy resin) was included in the
FE model because it could have a non-negligibléduemice on the global

behaviour. The boundary conditions on the loweteptamulated the contact with
the nut and with the tool used in the introducitepqsee figure 3). As the screw
was pulled through the plates, the introducing phaas simulated by managing
the displacement and the load at the bottom otthew. The tightening step was

simulated by tangential loading on the thread phitthe screw.



BC during the introduction step BC during the tightening step

Figure 3 Detail of the Boundary Conditions

Contact was managed along the whole shank, undesctiew head and between
plates. Both contacts were simulated using the Abagfault method for the
normal behaviour and the penalty friction formuwatior the tangential
behaviour. In the case studied, the simulation gbtiiat no plastic deformation
appeared (even in the introduction phase). Forrt#esgon, an elastic simulation
was considered. Figure 4 shows the Von Mises stoeske model when the

tightening load was applied.
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Figure 4 Von Mises stress

It can be seen that the plates are large enoughdatress in them to become
negligible for large radius values. Moreover, tloeifadary conditions seem to
simulate the effect of the nut correctly.

3-2 Radial pressure
The radial pressure computed on the shank of tleevds shown in figure 5.

Radial pressure on the shank
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Figure 5. Radial pressure on the shank

The results confirm that pressure is not uniforonglthe screw axis. They bring
out not only the usual boundary effects at thetr@gg and end of engagement
but also a discontinuity of pressure at the intexfaetween the plates, which is

highlighted for the first time.



3-3 Loss of axial tension

It was possible to evaluate the loss of axial loader the screw headlF, and at

the interface between platéssp from the tangential contact load along the screw
obtained by the FE approach. Thus, in the refereaseAFy = 24.2 KN and\F,

= 11.7 kN.

It is interesting to point out that, in the referercase, despite a very low friction
factor, the loss of load under the screw head vwggfisant as it was about half

the applied tightening load. This shows that evahgethe axial loss of load is a

key issue when designing interference fit fasteners

4. Proposed analytical approach

4.1 Basis of the analytical approach

From an industrial point of view, it may be eas@exploit analytical formulae
than FE analyses. Lame’s equations are often wssidhulate the behaviour of

shrink-fit assemblies.

Plates

Figure 6. Analytical model

The model presented in Figure 6 takes accounteofithe drilled in the axis of the
screw for the experimental study;). As a first approximation, the screw can be
considered as being subjected to the tighteningd; aich induces a uniform
tension state, and to radial pressure on the slizaded on the results presented in
figure 4, the normal pressure between the screwtlanglates can be taken as
constant all along the contact surface. Assumiagrddial pressure induces a
plane stress state, the contact presgwan be calculated as a function of the

interference leveh and the other material and geometrical properiteseover,



the proposed equation takes account of the deciedise external diameter of the
screw, due to the tightening load, so as to cotrextnterference level.

A VD[ 4F,

P=D (DP+a? D (D?+d?
e e Bl N R e e Sl 21
E,|d2-D E, | D?-d:

with  E;, v1 material properties of the screw,

E., v» material properties of the plates,

D, d;, d, diameters described in Figure 5

Thus, the loss of load under the screw hé&#&d, and at the interface between

plates AFp can be calculated:

AF,=f pnDL Eq2

AF, =f pnD(L +L,) Eq3

With L, the thickness of the plate in contact with theamd

L, the thickness of the plate in contact with theeschead less the chamfer.

We know that the experimental data in section & ghie the axial strain on the
screw. In order to validate our approach, it wdmddinteresting to also have an
analytical evaluation of the axial strain on theeandiameter of the screw. By
considering the effects of the axial load, the lofslead due to friction and the
axial strain of a thick tube subjected to an exdepnessure, Lame’s equations
give the following formula:

2F,—-2f pmDx+v pnD?
E, 7(D?-d?)

x=0 at the nutx= L,+L, at the beginning of the chamfer near the screwl hea

£(x)=2 Eq 4

4.1 Results of the case study

In a preliminary design stage, the axial loss afllavould be directly calculated
by using Eq. 1, 2 and 3, with the approximatedahtftiction factor and the



manufactured interference level. This would giveun case (with=0.045 and
A=0.102mm)p= 262 MPaAFy =23.0 kN and\Fp = 11.6 kN.

Thus, the proposed analytical approach gives amratxapproximation of the
axial loss of load along the screw despite the textienation of the average radial

pressure.

5. Sensitivity study

The objective is now to evaluate the influenceathtthe interference levél and
the friction factorf on the axial loss of load. The sensitivity studnsiders
realistic potential evolutions of the parametemsiRts are detailed in Table 1 for
the axial load lost under the screw head and ile talfor the load lost between
plates. The results obtained by the finite elenagalysis (considered as our

reference) are also compared to the ones obtayndtekanalytical approach.

Table 1. Sensitivity study on the load loss untierdcrew head

FE results Analytical results Relative error
Reference f = 0.045 ; A= 0.102mm 24.2 kN 23.0kN -5.2%
lower friction f = 0.035 18.7 kN 17.9 kN -4.5%
lower interference A = 0.088mm 20.5 kN 19.3 kN -6.0%
upper friction f = 0.055 29.9 kN 28.1 kN -6.0%
upper interference A = 0.114mm 27.6 kN 26.2 kN -5.2%

Table 2. Sensitivity study on the load loss betwglates

FE results Analytical results Relative error
Reference f = 0.045 ; A= 0.102mm 11.7 kN 11.6 kN -0.9%
lower friction f = 0.035 9.1 kN 9.0 kN -0.4%
lower interference A = 0.088mm 9.9 kN 9.7 kN -1.8%
upper friction f = 0.055 14.4 kN 14.2 kN -1.3%
upper interference A = 0.114mm 13.3kN 13.2 kN -5.2%

In the variation domain considered, the sensitiaitplysis shows that both the
friction and the interference level have a grefiténce on the loss of load.

Thus both have to be precisely determined in ai@ée able to evaluate the axial
loss of load.

Moreover, the sensitivity study shows that, in case study, the analytical

approach gives an estimationkef with an accuracy of about 6% a8 with an



accuracy of about 1%. This is generally acceptaisldesigners in a preliminary

design stage.

6. Experimental results

An experimental study was planned to measure tfa stxain along the screw. It
was therefore interesting to analyse the sensitofithe axial strains obtained by
the finite element approach in order to try to deiee appropriate locations for

the Bragg grating sensors

Variation of the interference level
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Figure 7. Sensitivity study on the interferenceelev

Variation of the friction factor
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Figure 8. Sensitivity study on the friction factor
Figures 7 and 8 show that the boundary effectiseabéginning and end of the

engagement make difficult to exploit sensors xe@rmm and neax=49.5 mm.



The sensitivity study related to the interferereeel shows that this parameter has
a major influence near the nut. In contrast, thessiwity study on the friction
factor shows that this parameter has a major inlaenear the screw head. Thus,
a sensor placed near the natX 0 mm) should help to evaluate the interference
level and another sensor placed near the screw(kea@ mm) should help to
evaluate the friction factor. This shows that s@@guipped with at least two
sensors may enable valuedohndf to be evaluated, and then the loss of load
under the screw head to be assessed.

An experimental study was then performed to testttcuracy of the simulations.
Three specimens based on the reference interfelevelavere tested. In his
study, Pran [18] satisfactorily used an opticatdibquipped with a single Bragg
grating. In our study, we needed to measure thed akiin at two axial positions
at least. For that reason and to increase confedenihe results, each specimen
tested contained an optical fibre equipped withr Bragg gratings, each 3 mm
long with a 7-mm axial pitch as illustrated in Fig®.

Figure 9. Experimental test bench



Comparison with experimental data
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Figure 10. Comparison with experimental data

The interference level and the friction factor wadgusted by hand on the finite
element model in order to fit the results giverttwy sensors. We finally obtained
A=0.088 mm and= 0.045. The results are presented in Figure 10.

They show that, in this case, the initial evaluawd the friction factor is very
good but the interference level that is to be exgdbin the simulationf=0.088
mm) has to be lower than the geometrical one ferettperiments’=0.102 mm).
This can be easily explained by the influence ofjfmess, which is not
considered in the proposed simulation as the coh&tween perfect cylindrical
surfaces is simulated. The finite element simutagwaluates the average pressure
p = 220 MPa. Moreover, the tangential loads on thates on the shank are
exploited to evaluate the axial loss of load. Tea&ls taAR, =20.5 kN and\Fp =
9.9 N. These values are lower than the ones cééclfar the reference case.
Thus, in a preliminary design stage, using thealwvalues foif andA for the

finite element study would lead to an overestindttne axial loss of load.

Figure 9 also presents the analytical curve obtainyefinding the optimal values
of fandp that minimize the gap between the results of agdiexperimental
data. The optimal values dre= 0.0481 angh = 199.97 MPa.

The values are rather similar to the one obtaingd tive finite element analysis.
Considering this, Eq. 2 and Eq. 3 enable the dasa of loads to be evaluated:



AR, =18.7 kN and\Fp = 9.5 kN. These values are quite close to the oh&sned
with the finite element simulation. We can thussider that the analytical
approach gives acceptable results for evaluatiegtmal loss of load from
experimental data.

Moreover, Eq 1 enables the interference level tevaduated:A=0.083 mm. The
interference level is very close to the one eseadbr the finite element
simulation A=0.088 mm). This shows that the accuracy of Ecrilbe

considered as satisfactory.

7. Conclusions

The behaviour of an interference fit fastener heenbanalysed. The results show
good agreement between experimental data and FEraahresults. In the case
studied, the proposed analytical formulae are atelegnough to evaluate the axial
loss of load from the measured axial strain.

The variations of the pressure on the shank o$thew have also been analysed.
As expected, peaks are present at each contactRaggsure discontinuity at the
interface between the plates has also been higbatigbr the first time. A study of
the influence of the interference level and thetion factor was then performed.
It showed that both had a similar influence onltdss of load. The sensitivity
study also showed that the interference level Baamitly influenced the axial
strain near the nut and that friction significantiffluenced the axial strain near
the screw head.

These data were useful for defining accurate postior the sensors. An
experimental study using optical fibres with fouaBg grating sensors each was
then performed and enabled the practical frictextdr and interference level to
be evaluated.

We have shown that both the finite element simoilaéind the analytical models
tend to overestimate the axial loss of load aldwgsicrew but that the accuracies
look acceptable for use in a preliminary desiggata

8- References

[1] Petrak, G.J., Steward, R.P.: Retardation ofksamanating from fastener holes. Eng. Frac.
Mech. 6(2), 275-282 (1974).



[2] Chakherlou, T.N., Mirzajanzadeh, M., Vogwell, Bxperimental and numerical investigations
into the effect of an interference fit on the faggife of double shear lap joints. Eng. Fail. Ana.
16, 2066—2080 (2009).

[3] Duprat, D., Campassens, D., Balzano, M., BouRetFatigue life prediction of interference fit
fastener and cold worked holes. Int. J. of Fat8),8&15-521 (1996).

[4] Li, G., Backman, D., Bellinger, N., Shis, G.uMerical modeling of a single aluminium sheet
containing an interference fit fastener. Can. Aara Space J. 51(4), 107-122 (2005).

[5] Fontaine, J.F., Siala, |.E.: Optimization oétbontact surface shape of a shrinkage fit. J. of
Mat. Proc. Techn. 74, 96-103 (1998).

[6] Fontaine, J.F., Siala, |.E.: Form defect inflae on the shrinkage fit characteristics. Europ. of
Mech., A/ Solids, 17(1): J. of Mat. Proc. Tech. 7@7-119 (1998).

[7] Yang, G.M., Coquille, J.F., Fontaine, J.C., lmartin, M.: Influence of roughness on
characteristics of tight interference fit of a gtafd a hub. Int. J. of Sol. and Struc. 38, 7690177
(2001).

[8] Yang, G.M., Coquille, J.F., Fontaine, J.C., lzartin M.: Contact pressure between two rough
surfaces of a cylindrical fit. J. of Mat. Procecfie123, 490-497 (2002).

[9] Ozel, A, Temiz, S., Aydin, M.D., Sen, S. Ssemalysis of shrink-fitted joints for various fit
forms via finite element method. Mat. and des.Z8,-289 (2005).

[10] Booker, J.D., Truman, C.E.: A statistical stuaf the coefficient of friction under different
loading regimes. J. of Phy. D: Appl. Phy. 41, 1¢2Q08).

[11] Pedersen, P.: On shrink Fit Analysis and Desigomput. Mech. 37, 121-130 (2006).

[12] Zhang, Y., McClain, B., Fang, X.D.: Designioferference fits via finite element method. In.
J. of Mech. Sci. 42, 1835-1850 (2000).

[13] Barrot, A., Daidie, A., Ghosn, A.: A FE Globabproach for dimensioning bolted joints in
large slewing bearings: application to an induktése. IDMME 2008, Beijing, Proceedings of
the conference (2008).

[14] Zouhair, C., Daidie, A., Leray, D.: Screw belwa in large diameter slewing bearing
assemblies: numerical and experimental analyses. bf Inter. Des. and Manuf. 1, 21-31 (2007).
[15] Daidie, A., Chakhari, J., Zghal, A.: Numericabdel for bolted T-stubs with two bolt rows,
Struc. Eng. and Mech. 26(3), 343-361 (2007).

[16] Alkatan, F., Stephan, P., Daidie, A., Guilldt, Equivalent axial stiffness of various
components in bolted joints subjected to axial iogdFin. Elem. in Ana. and Des., 43(8), 589-598
(2007).

[17] Hay, H.D.: Bolt, stud or fastener having anbeided fibre optic bragg grating sensor for
sensing tensioning strain, United States Pater@7(j19

[18] Pran, K., Farsund, O., Wang, G.: Fibredgrgrating smart bolt monitoring creep in bolted
GRP composite. Opt. Fib. Sens. Conf. Tech. Dig$QB02, 15th, 431-434(2002).



