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This paper presents certain computationally efficient approaches for the non-linear anaysis of the most commonly used
jointsin aerospace structures. Fastener jointswere extensively used over yearsin flight vehicles made of metallic materials
and they required non-linear contact stress analysis along the pin-hole boundary. Thesejointswere generally analyzedin
the past by expensiveiterativemethods. Critical problemsin fastenersinvolving interference, push and clearancefit joints
are solved in the current work using an inverse method of analysis which dramatically decreases the computational time.
This approach made it possible to present the data for al fitsin a unified manner. Another type of popular method of
joining is using adhesive bonding. Adhesively bonded joints are preferred with the advent of composite structures for
aerospace applications. In these joints large displacements occur due to eccentric load path and plastic deformations
occurringin theadhesive. Joints between metal-composite, composite-compositejointsare analyzed for strength prediction
aswell asfor fatigue de-bond growth. Modified Crack Closure Integral (MV CCl) is used to estimate fracture parameters
in the presence of de-bond. Method of characteristic distancesis used for static strength prediction. Numerical resultson
static strength prediction, de-bond growth relevant to Damage Tolerance strategy for these joints are presented. The
contents of this paper are a short summary of the work done by the students and colleagues of the author over years. New
results generated in the past few years are added.

Key Words: Non-linear Finite Element Analysis; Fastener and Bonded Joints;, De-bond Growth and Damage

Tolerance

1. Introduction

Fastener and bonded joints are extensively used in
large scale structures such as those in aerospace
wherein both metallic and composite materials are
the primary choice of thedesigner. Thesejointsare
potential locations of stress concentrationsor elastic
singularitiesthreatening theintegrity of thestructures.
There has been extensive literature in the past for
jointsin metallic structures[1, 2]. However withthe
development intechnology usinginterferenceboltsto

improvefatiguelife aswell aswith theadvent of novel
material s such as composites, the study of joints has
again assumed considerable significance. Advanced
methods of analysis need be developed to predict
residual strength and remaining life of these joints.
Fracture mechani cs based damagetolerance methods
ensure safety of the structures employing thesejoints
in high technology structures. This paper presents
an overall appreciation of the issues involved and
present certain critical solutions developed for both
fastener and bonded joints.
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Stressanalysi shased on Finite Element methods
and Fracture M echanicsarethe basi ¢ sciences behind
these studies. The key issues are the non-linear
behaviour of these joints during the load transfer.
Load transfer in fastener joints lead to contact stress
non-linearity dueto the progressivelossof contact in
interference and progressive increase in contact in
case of clearance along the pin-hole interface above
certain load levels. Adhesive joints between thin
adherends such as those used in aerospace cause
largerotations|eading to geometric non-linearity. Most
of the adhesives have well defined yield stress and
material non-linear behaviour occurs along the
interface. The main aspect of the work isthat these
typesof non-linearity arehandled effectively andina
computationally efficient manner.

Fastener joints are the most used in many
engineering structures including aerospace. Fig. 1
shows a typical single fastener joint under bearing
and bypass loading. The primary stress analysis of
thesejointswith clearance, push and interference pins
require a non-linear contact stress finite element
analysis. Also dueto lack of information onthe contact-
load behaviour very expensiveiterative methods had
to beusedinthe past. Aninversetechnique hasbeen
proposed for the analysis of such problems with
contact stress non-linearity and was used [3-5] inthe
past by the author and his co-workers. Thistechnique
is effectively used to generate several solutions of
design significance.

With the advent of laminated composite
structures adhesi ve bonding has become popul ar due
to lesser locations of stress concentration. However
such ajoint is quite suspect of de-bond tolerance.
Analysis of these joints requires geometrically non-
linear analysis due to large rotations due to the
eccentricity of load path. Thistype of non-linearity is
handled using standard methods of analysis[6]. The
first part of the studies is static strength prediction.
In this case the issue is the presence of stress
singularitiesat thetipsof de-bond. Thenorma method
of comparing the maximum stress in the field with
material strength propertiescannot be applied for this
problem. Method of characteristic distances[7] in
which stress at (or average stress over) a

characteristic distance away from the point of
singularity iscompared with the material strength to
make strength predictions.

Thestructural integrity of thejointsiseva uated
using the basic principles of Fracture Mechanics.
Several methods were developed in the past to post-
process finite element data to estimate the fracture
parameterswithin therealm of linear elastic fracture
mechanics. Themost popular method for this purpose
is the Modified Virtual Crack Closure Integral
(MVCCI) which wasoriginally proposed by Rybicki
and Kanninen [8] and for 8-node quadrilateral by
Buchholz[9]. It wasdeveloped further by the author
and his co-workers [10-12] and by Raju et al. [13].
Fracture parameters at de-bond between the
adherendsis estimated using MV CCI. Thistechnique
is also appropriately modified to be used in the
presence of geometric non-linearity. Fatigueanalysis
is carried out for constant amplitude and variable
amplitude spectra to study fatigue de-bond growth.
De-bond growth rates were estimated and correl ated
with fatigue experiments[14]. These studiesfacilitate
the strategy of damage tolerance approach for
ensuring the structural integrity in aerospace vehicles.

The current paper presents certain examples of
non-linear analysis of typical joints and point out
specific conclusionswhich are of design significance
and also relevant to Damage Tolerance evaluation.

Typical structural Joint configurationsin fastener
and adhesively bonded jointsareshownin Figs. 1 and
2. Fagtenerjointistypicaly apin-in-a-holecofiguration
transferringaload P (Fig. 1). Thejoint consideredis
amajor joint such aswing-root fitting and the pin could
be an interference, push or clearance fit. The
adhesively bondedjoint isalapjoint transferring load
across the two adherends (Fig. 2). The adherends
could be made of metallic and/or composite material .

2.Non-linear Contact StressAnalysisin Fastener
Joints

Fastener joints could be of interference, push or
clearance fits. A rigid pin of diameter 2a(1 + A) is
introduced into a platewith ahole of diameter 2a. If
Alispositivethefitisof interference, A isnegativethe
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Fig. 1: Single fastener joint under bearing and bi-axial
loading
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Fig. 2: Adhesively Bonded Lap Joint

fitisof clearance and A = 0 isthe case of a push fit.
Atypical lugjointisanalyzed usng 4-nodequadrilateral
elements and the finite element mesh is shown in
Fig. 3. Inthe analysis presented the pin is assumed
toberigid. Steel pininanauminum lugwill havea
modular ratio of three between the pin and the lug
andtheresultswill bevery closetothat of arigid pin.
The pin-hole interface is assumed to be smooth in
most of the numerical analysisexcept in one specific
example in which the interface was assumed to be

Fig. 3: FE mesh for a typical lug joint analysis

rough. Itispossibleto consider the casesof interface
with finite friction, but this case is not presented in
this paper.

2.1 Solutions Using Inverse Technique

In the pracess of load transfer it is seen that the pin-
plate interface maintains contact as long as
compressive stresses exist on the interface. Tension
along the interface will cause separation along the
interface.

Consider the fastener joint configuration given
inFig. 4. Inthefirst instance the case of interference
fit bolt transferring theload isconsidered. Inthiscase
thereis complete contact around theinterface to start
with at zero load. As there is a progressive increase
inloadtransfer onthepin, compressionwill increase
at point A andtensionwill relax at point B. Therewill
beaload level at whichthe compressive stresseswill
be zero at B and the pin-plate interface will separate
at point B. Further increase in load will cause the
extent of separation to increase symmetrically along
the interface. At infinitely large load the extent of
separation would reach an asymptotic limit. Such a
contact stress problem could be sol ved by conventional
iterative technique where at every point theinterface
stresses are checked. Contact is specified where the
interface stresses are compressive and separation
leading to stressfree conditionis specified wherethe
interface stresses aretensile. Thistechniqueisfound
to beexpensivein many problemsand much expensive
to derive results with parametric variation.

Similarly consider aclearancefit. At zero load
thereisno compressive contact all round theinterface
(Fig. 4). Whenthepinisassigned an infinitesimally
small load to betransferred, contact would initiate at
point A. Further increase in load would cause the
contact to spread on both sides of point A. Theextent
of contact would reach an asymptotic limit and would
not extend beyond this limit. This limiting value
corresponds to the extents of contact and separation
whichwill occur at any infinitessmally small load and
remain constant with increase in load level for the
case of push fit. Thisthrows open the possibility of
representing the load-contact relations of all thethree
fitsinaunified manner.



556

B Dattaguru

Fig. 4: Fastener Joint Configuration with Partial Contact/Separation for Interference, Push and Clearance pins

A series of these problems are solved using the
inverse technique. In these cases the regions of
contact and separation are known to progress
monotonically about the axis of symmetry. Here the
regions of contact and separation are specified and
the causative load levels are determined using Finite
Element analysis. The case of un-symmetric growth

of separation/contact configuration could be handled
for the case biaxia loading by making the ends of
separation astwo parametersand biaxial loading along
perpendicular directions as the two load parameters
for the causativeload leves. Finally in problemswhere
the contact varies arbitrarily the inverse technique
will havealimitation.

Fig. 5: ASTM D3165 Bonded Joint Specimen

Fig. 6: FE mesh for 2-D analysis
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3. Geometric and Material Non-linear Analysis
of Adhesively Bonded Lap Joints

Adhesively bondedlapjoint showninFig. Sisanalyzed
using NASTRAN software i ncluding geometric non-
linear behaviour of thejoint. The FE anaysisused 4-
node quadrilateral elements and the mesh used for
the numerical resultsisshownin Fig. 6.

3.1 Characteristic Distances: Role in Static
Strength Prediction

The non-dimensional shear stress distribution along
theinterfaceisshowninFig. 7. The major issuefor
the strength prediction from the shear and peel
stresses at the ends of the lap length is the presence
of singularity at this point of peek stresses. For this
the method of using the stresses at a characteristic
distance away from the singular point is used as
described below.

The Theory of Characteristic Distancesiswell
documented by Taylor [7]. Restricting to the type of
problems handled in the current paper dealing with 2-
dimensional lap joint configurations, onefindsthat at
the end of lap length has a theoretical singularity.
Conventional methods of estimating thejoint strength
based on stress concentrationsfail and when the mesh
isrefined near the ends of thelap length, onefindsa
sharprisein stressesin thevicinity of singular point.
Itisnot possibleto defineastressintensity factor like
in crack problems and so alternate techniques need
be envisaged for such problems.

Fig. 7: Shear Stress Distribution along the De-Bond Center
Line in Bonded Joint

Onemethod proposed by Whitney and Nuismer
[15] was extensively used in the past in which the
strength prediction is carried out by comparing the
material strength with stress at a point away from
singular point. This distance is called as ‘Characteristic
Distance” and the method is called point stress
criterion. Alternately it is possible to do this by
averaging the stresses over a characteristic distance
from the singular point and compareit with material
strength. This is known as average stress criterion.
These methods arepictorially describedinFig. 8. In
these two methods the characteristic distance values
could be different, but they would lead to the same
conclusions.

Obviously the estimation of characteristic
distancesis possible only by comparing the stresses
from FE analysis with experimental results on joint
strength. When the characteristic distances are
obtained over several specimens one needs to go

Fig. 8: Average and point stress criteria for strength
prediction
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through astatistical analysisto arriveat the confidence
level with which the mean value could be used for
further exercises. Numerical results are presented
in this paper to arrive at these figures.

3.2 Experimental and Analytical Studies on
Fatigue De-Bond Growth

Fatigue experiments are conducted on specimens
based on ASTM standards. Since there were no
separate standards for composite materials, the
dimensions of the specimen were taken as those
specified for metallic specimen. The details of the
specimen are presented elsewhere [14]. FE mesh
wasdevel oped for thejoint configuration with cohesive
de-bond along the interface between the adherents.
De-bond is assumed at the center of the adhesive.
Fracture parameters were estimated from the finite
element andysisusing MV CCl technique given bel ow.
Sincethisconfiguration haslargerotationstheforces
and displacements used in the MV CCI expressions
were taken along and perpendicular to the deformed
configuration of the de-bond tip. Using the de-bond
growth values and the SERR values a curve fitting
was carried out between the de-bond growth per cycle
and SERR cyclic rangefor the fatigue loading.

3.3 Basic Equations of Madified Virtual Crack
Closure Integral (MVCCI)

Thefracture parameters at the crack tip arethe stress
intensity factors (SIF’s) and the strain energy release
rates (SERR’s) in various modes of fracture. The
current problems primarily deal with mode | (in
fastener problems) and mixed mode situationwith mode
I & mode Il in adhesively bonded problems. In
MVCCI [8-13] SERR is obtained at any crack/de-
bond length by assuminganinfinites mally smal virtual
crack extension and finding out the work required to
close the crack back to the original size. Thisis
expressed for mode | as

Aa

1
G=—|0o Vdx
2Aa : y (1)

This expression can be expressed in terms of
Finite Element output asshowninFig. 9.

Fig. 9: Nodal forces and displacements used for MVCCI
Calculation a) 4-node quadrilateral element and b)
8-node quadrilateral element mesh

For 4- node quadrilateral element

1
G= 2Aa FU, )

For 8-node quadril ateral element

1
G= Ka(lzylvl + Fyzvz) (3)

Theadvantage of thismethod isthat it caneasily
separate mode | and mode || SERR components in
case of mixed mode fracture such as that occursin
de-bonded lap joint transferring load. 1n the case of
geometric non-linear deformations, themode | SERR
components should be obtained by taking the
components of the forces and displacements along
and perpendicular to the deformed de-bond
configuration. ThisisshownintheFig 10.
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Fig. 10: Forces and displacements along the normal and
the center of the de-bond for MVCCI Calculation

Fig. 11: Load-Contact Relations for plate with By-Pass
L oading

4. Numerical Results

Typical numerical results are presented to highlight
the approach for various problems of fastener and
bonded structural jointsin aerospace structures.

(a) Fastener Joints

The fastener joints are analyzed using “Inverse
Technique”. The case of plate with a hole filled with
pinwhich could beinterference, push or clearancefit
isanalyzed and the load contact relation is shownin
Fig. 11. This shows a unified presentation of load-

contact relations for all three fitsin the same figure.
Consider the interference fit. To start with at zero
load the interface maintainsfull contact and pin will
separate from the hole boundary at particular load
level shown onthey-axis. Astheload increasesthe
separation progresses and approaches an asymptotic
value at largeload level. Thisis shown by the non-
dimensional parameter reaching azero value.

Consider clearancefit, it hasno contact to start
with at zero load level. When thejoint isloaded the
contact spreads and again reaches an asymptotic
value shown on the intersection of interference and
clearance curves on the axis. Thisis shown as the
point where the interference and clearance curves
meet th X-axis. Theload-contact relation for case of
pushfit correspondsto separation and contact indicated
on the X-axis and extent of separation/contact does
not vary with load level. Thisway thefigure presents
the load contact variation for all the threefitsin the
same figure.

Thenext aspect isthemaximumtens letangential
stressvariation along the pin-holeinterface with load
for interference fit. Due to presence of interference
pinthereisaninitial stressat zeroload level asseen
in Fig. 12. Asthe load level isincreased the rate of

Fig. 12: Variation of tangential stress along pin hole
interface for smooth and rough conditions
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stress variation with load isminimal till the pin-hole
interface separates. Beyond thisload level thereisa
rapid increase of maximum tangential stress at the
interface. This fact can be taken advantage to
increasethefatiguelifeof thejoint at load level sbelow
those which cause the interface to separate. Also
shownisthevariation for smooth and roughinterface.
Obviously therate of variation of stressesissmall for
the case of rough interface compared to that of smooth
interface due to presence of another path for load
transfer due to friction. A fully bonded interface
providesthisadvantage at all load levels.

Bonded Joints

Adhesively bonded lap joint is analyzed using
geometrically non-linear analysis and Fig. 13 shows
thelarge deformation of the adhesivelinefor the case
of de-bonded interface. Inthiscasethemodel SERR
components should be obtained by taking the
components of the forces and displacements along
and perpendicular to the deformed de-bond
configuration. Thedeformationsarelargeeveninthe
case of no de-bond.

For strength prediction both shear and pedl (Fig.
14) stresses along the interface are used using point

and average stress criteria.  The figure shows the
values reported by point stress criterion. The
characteristic distances are arrived at by correlating
the FE based stress distribution with carefully
conducted experimental programme. This
experimental programmeis conducted by the author
and his co-workersand reported el sewhere[14]. The
scatter of the valuesis shown in Fig. 15 and thiswas
subjected to statistical analysis. Fromthe T-test, itis
found that the mean of 2.64 as the characteristic
distance could be used for point stress criterion with
95% confidence level. Theresults match with those
presented by Gopalan [16].

Finally, experimental programmewas conducted
on fatigue de-bond growth on the bonded joint
specimen. The de-bond growth results are shownin
Fig. 16. From FE analysis SERR component in mode
| isestimated and curvefittingiscarried out between
de-bond growth rates and range of mode | SERR.
The results are

B_cap,
dN

where m = 5.845 and C = 2.2 E-15. These results

Fig. 13: Large deformation configuration of ee-bonded joint

Fig. 14: Peel stress variation used in static strength
prediction

Fig. 15: Characteristic distance variation (Scatter) for 14
specimens by point stress criterion
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Fig. 16: Variation of De-bond growth with number of fatigue
cycles

feed into the Damage Tolerance Analysis (DTA) of
primary structural components.

5. Concluding Remarks

Structural Jointsareinevitableinlarge scal e structural
systems such as those in aerospace structures. The
problems of bolted jointswith interference, push and
clearancefits need non-linear contact stressanalysis.
The adhesively bonded lap joints need large
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