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COMPUTATIONAL METHOD FOR EVALUATING THE
FATIGUE LIFE OF MECHANICAL JOINTS

* G. S. Wang

Abstract

Fasteners are among the most fatigue critical details in aircraft design due to their
high stress concentration. Empirically, multiple parameters involved in the
fastener design require extensive fatigue tests that often prolong the product
development cycle, and increase the cost. Omission of fatigue tests may occur for
potentially fatigue critical parameters during the development stage due to the cost
and time schedule, leaving either heavy structures or fatigue weak points that need
costly remedy. Difficulty in the fatigue design of fastener is due to contact,
friction, plasticity, fretting, wear and tear, etc. Combination of these factors often
excludes the use of analytical methods. This paper shows that strategies may be
determined nowadays based on the modern computational techniques and the
advanced crack growth models to analyse fatigue crack initiation and propagation
even when friction, contact, interference fitting, fretting, and plasticity are
involved. With a probabilistic solution, effects of multiple site damage and
environmental attacks may also be addressed for various joints using conventional
as well as advanced fastener systems.

Introduction

Due to complicated interactions among friction, contact, interference fitting, clamping force,
surface condition, and different materials in sheets and fasteners, analyses of fatigue life at
mechanically fastened joints are often a challenge. The multiple parameters involved in the
fastener design lead to uncertainty in fatigue life whenever any parameter is changed. More
than often, fatigue tests have shown that fatigue lives can be significantly different if fastener
parameters are changed even though the same materials and type of joint are considered.
Enormous number of fatigue tests is required if the fatigue life can only be empirically
determined, especially when the effect of fastener parameters is to be identified.

Based on some success in applying fracture mechanics methods to analyse the fatigue life of
mechanical joints, this paper will introduce a new analytical framework to predict fatigue life
at fastener joints. The method is based on modern computational mechanics. The finite
element method involving contact, friction, interference fitting, pre-tension, and a non-linear
geometrical and material model is used to identify stress severity at fastener joints. Together
with modelling of fretting fatigue crack initiation mechanisms, small crack growth behaviour,
and load interaction, a systematic method to identify crack initiation locations, to analyse
                                                
* Aeronautical Research Institute, The Swedish Defence Research Agency
SE-172 90 Stockholm, Sweden, tel: +46-8-555 04 488, fax: +46-8-25 89 19, email
wgs@foi.se
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crack initiation and propagation etc is developed. With a limited number of experimental
fatigue tests for one type of mechanical joint to calibrate the model, it is demonstrated that the
analytical model is capable of dealing with fatigue life prediction of different types of joints
and fastener systems.

Since the model is capable of evaluating the fatigue damage initiated at material defects and
initial surface damages, the probabilistic model presented at the previous ICAF conference is
extended to analyse the probability of crack initiation and propagation. As a result, important
issues like production quality, material inhomogeneity, initial defects in material and on the
contact surface, and interface conditions can be analysed such that a much more realistic
scenario of multiple site damage is evaluated for the mechanically fastened joints. Using the
model it is possible to simulate how the choice of material, production quality, and the
severity of usage may affect multiple site damage initiation. Furthermore, environmental
impact on the multiple site damage is also addressed based on the pitting crack initiation
mechanism and the environmental assisted crack growth acceleration.

280x280

1
2

10 20

18

9

24 9

Fig.1: The lap-joint fastener specimen for the multiple site damage fatigue test, and the finite
element model of the specimen.

Stress Severity

To highlight the complicated stress condition at the mechanical joints, a detailed stress
analysis was performed for a lap joint multiple site damage fatigue test panel as shown on the
left side of Fig.1. This specimen was used in a co-operation program performed within a
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BRITE-EURAM project concerning the characteristics of multiple site damage problems in
ageing aircraft (Gattaneo, et al, ref.1). The specimen was designed to represent the butt joints
between upper and lower shell of the front fuselage of a civil aircraft. For this specimen,
countersink fasteners are manufactured according to the factory standard.

Various three-dimensional finite element models were created as shown for an example on the
right side of Fig.3. Linear solid elements are used in the finite element models with the
smallest elements close to the highest possible stress locations. The linear elements are chosen
due to their good convergence for non-linear analyses. All the possible contact surfaces are
modelled according to a friction contact model (Coulomb friction model) available in a
commercial code (ABAQUS ref.2). A “neat fit” condition is model between the fastener, the
hole, and the sheets since the conventional rivets with negligible interference and clamping
force were used for the specimen. The initial residual stresses around the hole are not
considered.
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Fig.2: Stress responses at the critical location for various load levels and material parameters
under fatigue loading.

The stress analysis was initially performed when only friction and contact are considered. The
material was assumed to be linear. The stress analysis showed an excellent agreement
between the stress concentration locations and the experimental fatigue crack initiation
locations. A very high stress concentration was computed with a concentration factor as high
as 8.10=tK , indicating that plastic yield could occur at a much lower load level ( MPa31 ) for
the panel made of the aluminium alloy with a yield stress of MPa332 . The finite element
analyses also showed that the out-of-plane deformation was severe, indicating that
geometrical non-linear deformation should also be considered.
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Refined analyses were performed when non-linear geometrical deformation, plastic yield, and
cyclic strain hardening were included. The analyses were performed for a cyclic fatigue
loading condition with a maximum level of MPa100  and a stress ratio of 1.0=R . Fig.2
shows some stress-strain results under the cyclic loading at the highest stress concentration
location (side of the hole on the contact surface between sheets, see Fig.2).

The stress analyses indicated that even though plastic deformation is severe under a fatigue
loading condition, the subsequent stress range and concentration are not as severe, see the
right side of Fig.2. There is a large difference in the material response between the first few
fatigue cycles and the subsequent cycles. Similar stress-strain responses appear for various
friction and material assumptions, see the lower right of Fig.2. An early plastic deformation
results in a total strain of more than 2 % under an elastic perfectly plastic assumption and a
coefficient of friction of 0.8. The range of stress is slightly more than twice of the yield stress
for the first load cycle with a stress ratio around 1−=R  (compared to the fatigue stress ratio
of 1.0=R ). Reverse yield occurs for the first fatigue cycle with a strain range as high as one
third of the total strain.

Under the subsequent fatigue cycles, an elastic shakedown is established. The stress-strain is
stabilised linearly. The shakedown seems to be due to residual stresses created by both the
plastic yield and the friction between the hole, the fastener, and the plate. The stress can be
reached only at a level less than two third of the stress for the first load cycle. The stress ratio
is stabilised at a value of about 4.2−=R . The stress concentration is reduced to 1.45 from the
linear value of 10.8. The concentration of stress with respect to the stress range becomes 5.6.

In all the stress analyses, a constant coefficient of friction is assumed between all the possible
contact areas to facilitate finite element analyses. The friction is a complex issue since the
coefficient of friction may be different at different locations and fatigue cycles. The constant
friction assumption is to obtain an average information without involving too much
computational difficulty. The assumption allows analyses of friction in different average
conditions. For various coefficients of friction, for example, some results are presented in
Fig.2. The trend shows that reduction in the coefficient of friction will reduce residual strain
and increase stress concentration at the shakedown condition.

Apparently, the large plastic yield leaves no linear correlation between load and local stress.
For the same stress ratio, three fatigue load levels were analysed; MPa80 , MPa100 , and

MPa120 . These levels cover the loading conditions used in fatigue tests for the lap joint
panel. In these analyses, the coefficient of friction is chosen to be 0.4, and strain hardening is
considered. The computational stress-strain at the critical location is shown on the upper right
side of Fig.2. There is very large plastic deformation at the load of MPa120 . The total strain
is more than 3 % for the first peak load. At the first minimum load, the residual strain remains
to be more than 1%. It is interesting to find that the stress-strain response can still be
stabilised for the subsequent fatigue cycles similar to those at lower fatigue load levels. In the
stabilised shakedown condition, the stress-strain response appears to be linear. There is no
further cyclic plastic yielding after the joint has been “stabilised”.

There is a similar stress-strain response for the load as low as MPa80 . Still, there is a
substantial plastic yield for the first load cycle. The total strain is larger than 1 % at the first
load cycle. At the stabilised state, the strain is slightly less than 1%. The low stress level
seems to cause less residual stress, and the reverse yield occurs later.
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These stress analyses show that there is substantial non-linearity at fastener joints even if the
nominal stress is low. The excessive plastic yield may reduce the effect of initial residual
stresses and rationalise the omission of initial residual stresses in the finite element model.
The analyses also showed that it is possible and affordable to apply finite element analyses
based on commercial codes when friction, contact, and non-linearity are considered. The
extraordinary feature in the stress at the joints is that an elastic shakedown stress-strain state
may be created under fatigue loading at the critical location even at a rather high fatigue load
level. This feature may be used to simply the fatigue analyses of the joints.

Fatigue Crack Growth

A general description of the material response under fatigue loading may be summarised
schematically as shown in Fig.3. The stress-strain may be linear as shown in Fig.3 (a) when
the stress is less than the yield stress. In this case, fracture mechanics methods may be used to
analyse the crack growth according to the theories for both small and long crack growth since
the crack growth may be solely determined by the plasticity around the crack tip.

When the stress is high, peak tensile or compressive stress may excess the yield stress. There
will be a gross yield around the stress concentration location. There are two cases to be
considered as shown schematically in Fig.3 (b) and (c). If the range of stress is less than that
to cause a reverse yielding (e.g. twice the yield stress), a stabilised stress state may be
created, as shown in Fig.3 (b). This state is due to the permanent gross yield that creates a
system of residual stress to relieve the peak stress concentration. The strain hardening may
help to establish the stabilised state since further yield may occur at a higher stress level. In
this case, the fracture mechanics methods may still be used so long as the effect of residual
stress and its relaxation is properly accounted for.
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Fig.3: Various models for post yield fatigue problems.

For seldom cases, the material may be subjected to a large deformation-controlled condition
due to either high load or low yield stress.  A stable cyclic gross reverse yield may occur
under fatigue loading as shown schematically in Fig.3 (c). In this case, the fatigue life is no
longer solely determined by fatigue crack growth. The metallurgical property of material will
affect fatigue damage as well. Fracture mechanics methods can no longer be used alone to
deal with the fatigue process since the damage can no longer be determined by the behaviour
of the individual crack. One has to consider the gross resistance of material to cyclic plastic
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deformation. Other localised methods like the low cycle fatigue models, cyclic material
response analyses, and damage mechanics methods etc., may provide ways to deal with the
fatigue problems. This case is usually limited to some components operated at extreme
temperature with constrained deformation. It often involves short fatigue lives.

The finite element results shown in Fig.2 for the MSD panels under a range of stress levels
show that the crack growth in mechanical joints is most probably limited to the problems up
to the case as shown in Fig.3 (b). In this case, a stabilised stress-strain linear relation may be
established under a fatigue loading condition (in mechanical joints, friction also helps to
create further residual stress to reduce the stress severity). Under such a condition, the
analysis of fatigue crack growth may be realised using the theories of the fatigue crack
growth in a residual stress field.
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Fig.4. Geometry quantities and arrangement of ring elements for a part-elliptical crack.

Fatigue life is usually divided into crack initiation and propagation stage. The crack initiation
may be further divided into crack nucleation and small crack growth stage. The crack
nucleation is often referred to the stage that stress risers are created on a smooth surface. This
stage is closely related to the early S-N curve fatigue test methods for which smooth small
specimens are extensively used. The crack nucleation stage is often not a significant part of
fatigue life since various flaws may be pre-existed on the surface due to impurities in
material, machine scratches, fretting damages, local plastic yielding, and environmental
attacks etc. It is often adequate to consider the crack initiation consists of only the small crack
growth phase. If the advanced crack closure models are considered, a total fatigue life
analysis may be realised since the model accounts for the small crack growth behaviour as
well.

The crack closure model is based on Elber’s discovery in the early 70’s3, which shows that a
fatigue crack could not grow if its tip is not opened. Because of the plastically stretched
materials on the crack surface, the irregular crack growth path, and the chemical reactions
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occurred around the crack tip due to deformation heat or geometrical concentration of
chemicals, the crack tip may remain closed for some part of fatigue loading. The crack closure
is especially severe when variable amplitude loading is involved. Peak loads, though they
seldom occur, affect significantly the crack closure that may in turn significantly affects the
crack growth for the majority of small cycles in a load sequence.

For a part-through crack, the Elber’s crack growth relation may be extended using the
geometry quantities as shown on the top of Fig.4. The crack growth rate may be expressed as:

( ) ( )[ ]{ }θρθρ
effKf

dN
d ∆= (1)

where

( )[ ] ( )[ ] ( )[ ]θρθσσθρ unit
opeff KK −=∆ max . (2)

is an effective stress intensity factor range computed for the stress started from the crack
opening stress to the peak stress. unitK  is the stress intensity factor for a unit load. For a part-
elliptical crack, the crack front has values of

( )
�
�
�

=
=

=
0   

2/   
θ

πθ
θρ

forc
fora

(3)

θ  is a polar angle and ρ  is the polar coordinate of the crack front. In this crack growth
relation, the crack growth is defined for the crack front ρ . For example for a surface crack,
the crack growth rate in depth may be approximated for 90=θ :

( ) ( )[ ]beff aKC
KwdN

da ∆=
max

1

(4)

This relation is an extension of the Paris law when the crack closure and quasi-static effect are
considered. In this model, w Kmax( ) is a function to account for the effect of the maximum
stress intensity factor on the crack growth rate in either the quasi-static growth regime or the
near threshold regime. C  and b are considered to be material constants. In this model, the key
issue is to determine the crack closure so that the crack growth rate can be determined. For
many metallic materials, the plasticity is the most dominant crack closure mechanism. If an
elastic-plastic solution can be found whenever the crack has propagated into several percent
of its own plastic zone, reasonable accurate predictions of crack growth may be realised under
a spectrum loading condition.

Finite element methods may be used to evaluate the plasticity induced crack closure. The
method is so far not effective and efficient since the analysis involves contact, friction, and
plasticity for the cycle-by-cycle crack growth evaluation. An alternative method, the strip
yield model has been developed.

The strip yield model assumes that the plastic yield ahead of the crack tip may be
approximated in a strip yield manner (Dugdale 4 and Barenblatt5). The linear stress singularity
ahead of the crack tip is removed by plastic yield that is approximated as a strip stress acting
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in the plastic zone. When a residual stress field is presented, the original Dugdale-Barenblatt
strip yield model is extended (Wang, ref.6) so that the stress intensity factor at the boundary of
the plastic zone should satisfy a condition of:

 KL ρ + rρ( )+ Kres (ρ + rρ ) + Ky ρ + rρ( )= 0 . (5)

In this relation, KL  is the stress intensity factor due to the applied load, Kres  is the stress
intensity factor due to the residual stress, and Ky  is the stress intensity factor due to the plastic
yield. The model needs linear stress intensity factor solutions for the applied load, the plastic
yield, as well as the residual stress field. These stress intensity factors may be determined
according to various fracture mechanics theories.

Fig.5: Schematics of the strip yield fatigue crack growth model.

The strip yield model provides not only a solution for the plastic zone size ρr , see Fig.5. When
linear solutions can be found for the crack surface displacements, the plastic deformation in
the plastic zone can be approximately determined. As shown as the shaded area in the
schematic on the left side of Fig.5, the plastic deformation in the plastic zone may be
approximated as the gap between an assumed linear elastic crack. The assumed crack is
subjected to the yield stress in the plastic zone, with its tip located at the elastic-plastic
boundary. This plastic deformation is the “pure” part of plastic stretch. The elastic
deformation in the plastic zone is approximated as the linear deformation of the imaginary
elastic crack surface. The elastic deformation will be recovered when the applied load, the
residual stress, and the strip yield stress are released, see the left side of Fig.5.
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The fatigue crack growth can be considered as a process during which the crack tip keeps
growing into its own plastic zone with the plastic stretches gradually moved towards the crack
surface, see the centre and the left side of Fig.5. Solution of the plastic stretch makes it
possible to establish a model (Wang and Blom, ref.7) to solve the plasticity induced crack
closure by approximating the plastic stretch with a system of small constant stress elements
(Dill and Saff8, Fuehring and Seeger9, and Newman10). The stress in the plastic zone as well
as on the crack surface is numerically determined. The important parameter, the crack
opening stress is determined by considering the stress in the element at the crack front.

To simply the solution for three-dimensional problems, a system of ring elements is
established instead of the “bar” elements as for the two-dimensional problems, see Fig.4 (a)
(b). The stress on each ring element is assumed to be constant. The assumption is based on the
experimental observation of fatigue striations on the surface of part through cracks. The rings
cover both the crack surface and the plastic zone with their cross sections along a polar
coordinate r axis approximately like the bar element arrangement. On each ring element, the
stress is an average of:

pi =
1

ri+1 − ri

σzz r( )
ri

r i+1

� dr
. (6)

The ring elements are assumed to be rigid-perfectly-plastic with the plastic yield on each
element determined by:

−βσ0 ≤ pi ≤ ασ0 (7)

for the rings in the plastic zone and

−βσ0 ≤ pi ≤ 0 (8)

for the rings on the crack surface. Here, α  is a coefficient used to account for the average
three-dimensional constraint ahead of the crack front. β  is a coefficient representing
Baushinger’s effect. The ring elements act like fatigue striations on the crack surface,
resulting in the crack closure under fatigue loading.

In order to solve the stress on each ring, the plastic deformation is solved for the applied load,
the residual stress, and the strip yield stress. The deformation on each ring element satisfies a
displacement compliance requirement of

δ p r,ρ + rρ( )= σf r,ρ + rρ( )+ ures r,ρ + rρ( )
− pig ri ,r,ρ + rρ( )

i=1

n

�
(9)

where δ p  is the plastic stretch at a distance r , σf  is the crack surface displacement due to the
applied stress σ . ures  is the crack surface displacement due to the residual stress field, and
pig  is the crack surface displacement due to the yield stress on the ring element i. By solving
the linear function system of eq.(9) under the constraints of eq.(7-8),  the stress on each ring is
determined. The crack opening stress is determined as the load at which the stress at the crack
front ring element becomes zero.
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When the cyclic plastic yield occurs mainly at the crack tip (the crack tip plasticity dominant
condition), this method will have adequate accuracy to deal with crack closure problems.  In
this solution, stress intensity factors for the residual stress and for the ring elements are
required. In addition, analytical solutions of the influence functions for the crack surface
displacement due to the applied load, the residual stress, and the unit ring element stress are
required. These solutions can be obtained using the approximate three-dimensional weight
function theory (Rice11, and Wang12). Detailed solution of this model is provided elsewhere
(Wang, ref.13).
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Fig.6: Finite element verification of strip yield model for the post yield problems.

It has been demonstrated that the strip yield model is very effective to account for various
aspects of fatigue crack growth behaviour, including the small crack growth problems. Wang
(ref.6) has shown that the strip yield model can be used for the fatigue crack growth problems
up to a “crack tip plasticity” dominant regime. For the post yield regime, a concern for the
evaluation for crack growth in the joints, a verification of strip yield model is shown in Fig.6.
A bending specimen with a single edge crack is considered. A high fatigue bending moment
is applied to create initial gross yield before the crack is initiated, see the upper right corner
of the figure for the stress distribution across the centre section. A crack is then introduced
and the plastic deformation at the crack tip is computed based on the finite plasticity model
and non-linear geometrical model. Both the plastic zone and the permanent plastic
deformation are computed. The finite element results are compared to the strip yield model
that is based on the deformation in a residual stress field created by the initial fatigue loading.
As shown in the comparison in the lower right of Fig.6, the strip yield model gives very good
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approximation for the plastic zone and the permanent plastic deformation. The model can
therefore be confidently used for the post-yield crack growth problems when a shakedown
stage may be achieved.

For the MSD panels, a mean initial flaw is assumed according to the metallurgical inspection
of defects in aluminium alloy (see ref.14) and some empirical investigations. The initial crack
is approximated with a depth of ma µ100 =  and a size of mc µ200 =  on the surface at the
side of the hole. An intrinsic crack growth rate is determined according to the long crack
growth data of aluminium alloy 2024 T3. The crack growth rate is characterised (ref.15)
according to eq.(4) with the material parameters of 75.3=b , and 11

1068.7
−

×=C . A fracture

toughness mMPaKcr 5.72=  is calculated using the plain strain and plane stress critical
stress intensity factors based on the thickness (1.2 mm). The quasi-static crack growth
acceleration is approximated using a function of ( ) crKKKw /1 maxmax −= .

70

80

90

100

110

120

130

1000 10000 100000 1000000 10000000

N, cycles

S,
 M

Pa

Prediction

Tests

LEFM prediction

M

M

P

c

a

c

S

B

W

t

D

S o

S o

+
P
Wt

Fig.7: Comparison of computed and test fatigue lives for the MSD test panels.

According to the stress results from finite element analyses, weight functions, influence
functions, and the stress intensity factors were determined for both the applied load and the
residual stress field. The analyses showed, however, to be non-conservative (with a couple of
times longer fatigue lives). The overestimation of fatigue life is considered partly due to the
lack of accuracy in the mean rooted average weight function solutions (Wang, ref.13), and
the omission of tear and wear in the stress analyses. Unlike the open notch problems in ref.16,
tear and wear should be considered. Fretting, tear and wear intend to reduce the thickness of
plate, and to create oxidation debris etc. Such effects are expected to reduce the residual
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stress and increase the stress concentration so that the joints will experience a more severe
stress condition.

To overcome the shortcoming, a modification is needed in the finite element stress range.
When a 15% increase is made for the stress range (from a concentration factor of 5.6 to a
value of 6.4), the fatigue lives are reanalysed. A comparison between predictions and test
results is shown in Fig.7 with the predictions as lines with solid diamond symbols compared
to the experimental results as open symbols. With this modification, the analyses result in a
rather satisfactory agreement with the test results for the load ranging from 80MPa up to
120MPa. The analyses are a significant improvement over the linear elastic fracture
mechanics (LEFM) solutions shown in the same figure. The LEFM solutions were based on
simple forces and bending moments computed from a shell and beam finite element model of
the MSD test panel. The forces and bending moments are used to compute fatigue lives in a
LEFM model as shown on the left side of Fig.7. The LEFM analyses predicted fatigue lives
nearly two orders of magnitude shorter than the test results even though the crack growth
model, and the baseline crack growth rate, and the initial crack size are the same.
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Fig.8: Comparison of fatigue lives for various fastener systems for ½ dogbone specimens.

Joint Types and Fastener Systems

The “neat fitted” is representative for rivet fasteners for which both the clamping force and
interference are small. It has yet to be verified whether or not the same knowledge obtained
from neat fitted fastener joints can be extended for other types of joints and fastener systems
under a spectrum loading condition. There are various fastener systems today that use



13

interference or heavy clamping force to increase fatigue life. Such fastener systems differ
from the rivet system in various ways. For example for the fatigue tests of a so-called ½ dog-
bone joint specimen under the mini-TWIST spectrum loading, fatigue lives are significantly
different if different fastener systems are used, see the test results as shown in Fig.8.

The fatigue tests showed that the neat fitted fasteners (rivets) gives the shortest fatigue life
while the system with heavy clamping force and interference fitting will increase fatigue life
(up to one order of magnitude). Fatigue cracks have been observed at the side of the fastener
hole, inside of the fastener hole, or away from the hole on the fretting face, see the bottom of
Fig.8. As a rule of thumb, cracks initiated inside of the fastener hole give the shortest fatigue
life and cracks initiated away from the fastener hole give the longest fatigue life. This
phenomenon can be explained by considering an equivalent crack. For the crack initiated
inside of the fastener hole, the equivalent crack is the size of crack plus the hole and the
countersink. This gives the largest crack and shortest fatigue life. When the crack is initiated
at the side of hole, the equivalent crack size equals the size of crack plus the size of hole. This
crack is smaller than the crack initiated inside of the hole, and the fatigue is also longer. For
the crack initiated away from the fastener hole, the equivalent crack equals the physical crack,
resulting in the smallest crack and the longest fatigue life. Generally, rivets with high stiffness
(steels) tend to create cracks inside of the hole. The rivets with lower stiffness (titanium
alloys) or similar stiffness (aluminium alloys) tends to initiate cracks at the edge of the hole
with slightly longer fatigue lives. The biggest gain comes from the interference fitting with
high clamping force, from the systems such as the Hi-Lok bolts or the Lockbolts. These
systems may give nearly an order of magnitude longer fatigue life since fatigue crack may be
initiated away from the hole, resulting in a smaller effective crack and a larger fracture
section.

Rivet Fastener
Hi-Lok Fastener

Crack Initiation Location

Fig.9: Schematic comparison of the stick-slip boundary at the most frequent fatigue load level
for rivet and Hi-Lok fastener in the shakedown condition.

Fretting should be considered along with the stress concentration in order to identify crack
initiation locations. Fretting plays an important role in analysing fatigue crack initiation17,
especially if the fretting is close to the stress concentration. For fastener joints, fretting was
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frequently observed at the crack initiation locations 18. Fretting is mainly due to a large
number of small load cycles occurring at the stress concentration area along the fretting
boundary. The stick-slip boundary between the contact surface has been identified 19 to be a
major crack initiation location.

The left side of Fig.9 shows a reconstruction of the finite element contact area between the
sheet and splice at the shakedown condition for the MSD panel. The stick-slip boundary is
determined by checking the relative movement on the opposite sides of the contacted
surfaces. The stick-slip boundary for the rivet fasteners is located at the highest stress
concentration location (the side of hole in the minimum section). Together with the high stress
concentration there, fatigue crack will be initiated much easier at this location.

The analyses of contact and fretting are more useful for the case when fatigue cracks may be
initiated at different locations. Similar to the model of the MSD panel, several finite element
models were created for different fastener systems for the ½ dogbone specimens. The ½
dogbone specimens are made of the same alloy sheets with a different thickness of 2.5 mm.
The hole has a diameter of 5mm, and the half width of the plate is 20mm. The fasteners have
a countersink head. This joint has less severe load transfer and secondary bending. Two
different fastener systems are considered for this specimen; one for the aluminium rivets, the
other for an advanced system of titanium Hi-lok bolts.

In addition to the material difference between aluminium rivets and Hi-lok bolts  (Hi-lok bolts
are more rigid than aluminium rivets), there is a large pre-tension and some interference for
the fitting of the Hi-lok bolts. In the finite element model, this effect is considered by using a
shorter-and-thicker-than-the-neat-fit bolt. The dimension of bolt is determined by comparing
finite element results to the values from experimental measurements.

The specimens are subjected to a mini-TWIST spectrum as shown at the top of Fig.8. The
spectrum is a standard spectrum representing the average wing root load experience of
transport aeroplanes. Under this loading condition, plastic yield is different for different load
cycles. The shakedown state was analysed by including the maximum and minimum load
cycles in the finite element model. Since the mini-TWIST spectrum with a nominal stress of
100 MPa was used in fatigue tests, the maximum stress level of 250MPa and the minimum
stress of  -58MPa were included in finite element analyses.

Under spectrum loading, the stick-slip boundary changes as a function of the load. Since
fretting crack initiation is mainly due to the large number of small load cycles, it is assumed
that crack initiation may occur along the stick-slip boundary at the most frequent load level.
For the mini-TWIST spectrum, this load level is around the nominal load level.

A reconstruction of the stick-slip boundary from the finite element analyses is shown on the
right side of Fig.9 at the most frequent load level for the Hi-lok fasteners. The slick-slip
boundary for the rivet fastener is similar to that of the MSD panel as shown on the left side of
Fig.9. The frequent crack initiation locations are marked in Fig.9 for both rivet and Hi-lok
fasteners. It is remarkable that crack initiation locations are along the stick-slip boundary for
both Hi-lok and rivet fasteners. Cracks are mostly initiated about 0.5 mm away from the top
of hole for Hi-lok fasteners (around 3 mm from the centre of hole with a diameter of 5 mm)
while the cracks are often initiated at the edge of hole for rivet fasteners.

To identify where a fatigue crack may be initiated along the stick-slip boundary, stresses
should be considered as well. Fig.10 shows a comparison of the shakedown Mode I stresses
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along the broken section of the rivet and Hi-lok fastener joints. Stresses for the rivet fastener
are shown on the left side of the figure along a line across the centre of the hole (the broken
line). Stress distributions are shown for the Hi-lok fastener along a line 0.5mm above the hole,
see Fig.10. The stresses are shown for the peak load and the zero loads. While the peak load
shows the stress concentration, the stress at zero gives the result of residual stress distribution.
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Fig.10: Comparison of stress distributions along the broken lines for both rivet and Hi-Lok
fastener.

Even though the crack initiation location may be identified for rivet fasteners along the stick-
slip boundary, the peak stress distribution is nearly constant within a considerable area away
from the edge of the hole. This stress distribution suggests a possible multiple site crack
initiation that is in contradiction to the experimental observation (fractographic observation
showed mostly a single dominant crack initiation location). For Hi-lok fasteners, the crack
initiation location cannot be identified at all from the peak stress distribution. The stress is
actually lower at the crack initiation location, see Fig.10.

In a fatigue process, the range of stress cycles often does more damage than the mean or
maximum value. The range of stress is not necessarily related to the maximum stress under an
elastic plastic condition since the stress and the load is not linear. The stress ranges for both
the rivet and the Hi-lok fastener (between 250MPa to –58 MPa for mini-TWIST spectrum)
are calculated and shown in Fig.10 as the curves with triangle symbols.
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The distribution of stress range is different from either the maximum stress or the residual
stress. The critical areas for the stress range are different. The crack initiation occurs exactly
at locations along the slip-stick boundary where there is the highest concentration of the stress
range, see the comparison shown in Fig.10. For the rivet fastener, even though the peak stress
and slip-stick boundary have revealed an area where crack initiation may occur. This area is
relatively large so that it is difficult to determine whether a corner or a surface crack may be
initiated close to the edge of the hole. The stress range analyses reveals that a dominant crack
will be initiated at the edge of hole where there is the highest stress range concentration. The
most direct benefit to consider the stress range is for the Hi-Lok bolts which has lower peak
stress at the crack initiation location. The stress range reveals directly where along the stick-
skip boundary a fatigue crack may be initiated, see Fig.10.
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Fig.11: Comparison of fatigue crack growth for ½ dogbone specimens with rivet fasteners and
Hi-Lok fasteners.

Using the shakedown stress results of the ½ dogbone specimens, the fatigue crack propagation
was analysed according exactly to the same method as that used for the analyses of MSD
panels. The predicted crack growths are shown in Fig.11 as a dashed curve for the rivet
fasteners, and a solid curve for the Hi-lok fasteners. There is a reasonable agreement between
predictions and test results for fatigue lives. The predictions are within a factor of two
compared to the tests, indicating that the same analytical method is capable of dealing with
the crack growth problems for significantly different joints and fastener systems. The large
difference between predictions and test results of the crack growth for small crack sizes may
be due to the reading threshold in the fractographic fatigue crack growth measurements when
the crack size is small.
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Multiple Site Fatigue Crack Initiation

A large number of similarly loaded fasteners will create a potential danger of multiple site
crack initiation, such as those located at the centre part of the MSD panel as shown in Fig.1.
This is an important issue for lightweight structures since the structural optimisation may lead
to similar stress for many fasteners. The fact that fatigue cracks are often initiated inside of
the joints makes the inspection of crack very difficult. Apparently, it is not reasonable to
assume crack initiation occurring simultaneously at all the possible critical locations. A defect
may or may not grow at a critical location due to variations in the size of defect, local material
property, and stress etc. A probabilistic evaluation of how many cracks may be initiated will
provide a much more realistic information about fatigue strength of the fastener joints.

A good probabilistic analysis should be based on reliable deterministic analyses. Since the
non-linear finite element analyses and the advanced crack growth model provide a reasonable
estimation of crack initiation and propagation for various types of joints and fastener systems,
they provide a good basic platform for the probabilistic analysis of multiple crack initiation.

In the probabilistic analyses, the first problem is to determine whether or not an initial defect
may be developed into a fatigue crack. Under constant amplitude fatigue loading, a crack
growth threshold is often observed depending on the stress ratio and environment. The
threshold is a complicated value when the spectrum loading is involved. Recent developments
indicate that an “intrinsic” threshold 20 may be found for a given material if the crack closure
is considered. The intrinsic stress intensity factor is less dependent on stress ratio or load so
that it may be used to deal with the crack initiation under a spectrum loading condition.

Assuming all the initial defects can act as initial cracks, a state function may be defined
according to the effective stress intensity factor range and the intrinsic threshold value:

( ) ththeffTT aaYSKg π∆−∆= , (10)

where ∆KT  is the intrinsic threshold, ∆Seff  is an effective stress range, Y  is a geometry
function, and ath  is the crack size at which the effective stress intensity factor range reaches
its minimum value.

The probability of crack initiation (POCI) is determined using the state function of eq. (10)
for the probability of all gT < 0  which determines the crack growth driving force being larger
than the threshold value. Here, ∆Seff  represents the external load variation. Y  represents the
production variation, and ath  is a crack size which may be larger than the initial flaw.

According to level II 21 analysis, a reliability index βT  is computed for POCI as:

T

T

g

g
T σ

µ
β =

. (11)

This index is a ratio relating the mean and the standard deviation of the state function gT . If
gT  can be assumed as a normal distribution, βT  can be used to determine POCI according to:

( )TPOCI β−Φ= . (12)
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According to the state function, the mean value of gT  can be computed as:

( ) min)(}{ effTththeffTg KKaaYSKE
T

∆−∆=∆−∆= πµ (13)

where ∆K T  is the mean intrinsic threshold. The stress intensity factor is determined by:

( ) }{)( min ththeffeff aaYSEK π∆=∆ , (14)

where min)( effK∆  is the minimum effective stress intensity factor in the crack propagation
analysis.

Suppose random variables ∆KT , ∆Seff , Y , and ath  are independent, the standard deviation of
gT  can be calculated according to:

( ) { } { }theffTg aYSVarKVar
T

πσ ∆+∆=2

. (15)

Here

{ } 2
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2 )( effKtheff KvaYSVar ∆≈∆ π (16)

where

( )22222222222 25.025.0 SYSYaSYSYaK vvvvvvvvvvv
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+++++++= . (17)

In this relation, vS  and Yv  are COVs of ∆Seff  and Y , and vath
 is the COV of ath . The

reliability index of POCI is determined by:
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where Tv  is the COV of TK∆ , and vath
 may be assumed to be the same as the COV of initial

flaws.

To evaluate POCI, all the initial flaws are assumed to be able to propagate with different
probabilities. A deterministic crack closure analysis is performed for the crack starting at the
mean initial flaw. The minimum value of the effective stress intensity factor is determined
during the crack growth analysis. Together with random values of threshold, geometry, stress,
and crack size, the probability of crack initiation is determined.

When the probability of multiple crack initiation is determined, the probability of crack
distribution for a given service time should be evaluated based on the distribution of initial
defects and the stochastic crack propagation, see the upper right figure in Fig.12. To evaluate
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the stochastic fatigue crack propagation once a crack starts to grow, a random form of Elber’s
crack growth rate, eq.(4), is considered (Wang, ref. 22)

da
dN

w Kmax( )= XiCi(∆Keff )bi

, (19)

where Ci  and bi  are determined by the mean crack growth rate. Xi  is a probabilistic function
used to characterise the stochastic crack growth due to material variation, see the right lower
figure in Fig.12. To consider a full range fatigue crack growth rate, a piece-wise log-log linear
approximation may be made in the crack growth rate so that not only mean values of Ci  and
bi , but also the stochastic process Xi  may be defined for various regimes in the fatigue crack
growth rate.

When Smax , the crack opening stress Sop , and the geometry function are treated as random
variables to account for variations in the applied load, the crack closure, the geometry, and the
crack configuration etc., the crack growth driving force ∆Keff  in eq.(19) becomes a random
variable. Its statistical description may be approximated as:

( )[ ] aaYZSZK Yeffseff eff
π=∆

. (20)

The bars above variables represent mean values, and 
effsZ  and YZ  are normalised random

variables representing randomness in stress and geometry. As the crack closure is directly
affected by the applied load, a further simplification may be made by assuming a log normal
variation in the applied load being in the same order as the log normal variation in the crack
closure so that eq. (20) is replaced by

( ) effYSeff KzzK ∆+=∆ exp , (21)

where Sz  and Yz   are symmetrical random variables which can be approximated as normal
distributions. They represent variations due to stress and geometry. When a piece-wise linear
approximation is used for the mean crack growth data, the fatigue crack growth rate is
determined according to

( ) ib
effii KCZKw

dN
da ][max ∆=

(22)

where

( )]exp[ YSiii zzbXZ += . (23)

This model includes not only the variation in material property, but also variations in both
load and geometry.

The exact stochastic solution of crack propagation is not straight forward for spectrum loading
since one fatigue cycle may be followed by another cycle in a different regime. The cycle-by-
cycle evaluation based on the crack closure model provides another solution since fatigue
cycles or the part of fatigue cycles may be separated for those that affect the crack growth and
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those that do not contribute to the crack growth. It is possible to extend the basic ideal of the
Palmgren23-Miner24’s linear accumulative damage model, which is used widely in the S-N
solutions, into a model to solve the non-stationary stochastic crack propagation (Wang,
ref.23).
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Fig.12: Schematic of the probabilistic fatigue crack growth model.

A simple schematic of the probabilistic damage accumulative model is shown in Fig.12. In
this model, a deterministic cycle-by-cycle crack closure analysis is performed. The effective
part of load cycle is computed following the thick lines as shown in Fig.12 (a). In this
solution, the effective stress range is determined by:
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where opS  is the crack opening stress. In this relation, the effective stress range is a mean
value. It can be used together with the mean crack size to determined an effective stress
intensity factor effK∆  as shown in Fig.12 (b) according to:

( ) aaYSK effeff π∆=∆ . (25)
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The mean crack growth rate is determined according to the intrinsic crack growth rate when
∆Keff  is determined as shown in Fig.12 (c). The effective stress intensity factor determines not
only the mean crack growth rate, but also the stochastic crack growth regime for each load
cycle.

Unlike the Palmgren-Miner’s model, the damage parameter D  is defined by the part of load
cycles that actually contribute to crack growth. The damage parameter D , in the number of
load cycles, is computed from a cycle-by-cycle evaluation of the crack growth for a given
spectrum following the procedure as shown in Fig.12. D  is determined as a sum of :

( )[ ] 0
1

nKnD
M

i
ieffi +∆=�

= , (26)

where n0  are the number of cycles with the stress range below the crack opening stress.
Clearly, n0  do not contribute to fatigue crack growth as shown in Fig.12 (b). The load cycles

( )[ ]
ieffi Kn ∆  are a sum of the cycles within a regime determined by ( )

ieffK∆ . Notice that,

instead of using the rain flow counting method, ( )[ ]
ieffi Kn ∆  in eq. (26) are the load cycles

defined by their effective stress intensity factors. Unlike the linear accumulation model in
which the load cycles are not necessarily related to the crack growth, ( )[ ]

ieffi Kn ∆  depends on

the crack size, the geometry, and the load and load history.

If the fatigue life is used to divide D  as given in eq.(26), the damage parameter will be the
same as that of the Palmgren-Miner’s model for constant amplitude loading since the crack
closure is nearly constant. For spectrum loading, the model is different since the damage
accumulation is determined by the effective stress intensity factor that is a non-linear function
of the crack size and load cycles. This model accounts for the load interaction effect, the
stress state effect, as well as the small crack effect etc.

Yang and Manning25 have developed a solution for a fully correlated non-stationary stochastic
crack growth crossing several stochastic regimes. Their method can be modified to account
for the non-stationary fatigue crack propagation in the damage accumulation model.
According to Yang-Manning’s model, the number of load cycles in each stochastic regime is
recorded. A random variable is used to approximate the stochastic crack growth in each
regime according to the crack growth rate as given in eq. (19). For each regime, the load
cycles is approximated based on the stochastic crack growth rate derived from eq.(22):
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with the bar above ni  representing the mean value, and random variable iZ  determined by
eq.(23). The total number of fatigue cycles, the damage parameter D a( ), is solved by

( ) 00
1

// ZnZnaD
m

i
ii +=�

= (28)

where n0  is the number of load cycles below the crack opening stress. n0  doesn’t contribute to
the fatigue crack growth. It can be treated separately as a random variable.
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In general, the log normal distribution is a good approximation for the base-line crack growth
rate. When random variables iZ  are assumed to have a log normal distribution, it may be
approximated in a distribution function of:

( ) ( )[ ] ( )[ ] [ ]yMxMxxF i

i iiiY ln/ln//ln /1 Φ=Φ=Φ= σσ (29)

Here, iM  is the 50% probability of the random variable iZ . A substitution may be made for:

iyMZ ii
σ= . (30)

where iσ  is the log normal standard deviation of iZ . When the random variable y  is
considered to be the same for all the crack growth regimes, a complete correlated solution is
found for D a( ):

( ) ( ) ( )0
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= , (31)

The distribution of fatigue cycles is solved for the combined effect of geometry, load, and
stochastic crack growth:

( ) �=
D

normalD DydDyfDF
0 log )]([)]([

(32)

where normalf log  is the density function of a log-normal distribution. y(D) is the reverse
function determined by eq.(31).

The density of D a( ) is determined according to eq. (32)

( ) DDyDyfDf normalD ∂∂ /)]([)]([log= . (33)

Numerical methods may be used to solve the reverse function of y(D), and the distribution
and density of D a( ).

When the distribution of initial cracks is considered, its effect may be included in the model
using an initial flaw size distribution (IFSD, see Fig.12).  The distribution of fatigue life is
determined by:

( ) ( ) ( ) 00
0

0, daafaaDFaDF IFSDDD �
∞

=
(34)

Any distribution may be defined for IFSD. For convenience, IFSD is usually approximated as
a log normal distribution:
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This distribution is determined by a median value (50 percent probability) l0 , and a deviation
of σ0 . They are computed from:

{ } ( )0
2

00 1/ aaEl υ+= , (36)

( )[ ]0
22

0 1ln aυσ += , (37)

where υ a0( ) is the coefficient of variance (COV) for initial cracks which are defined by:

( ) { } { }000 / aEaVara =υ . (38)

In applications, the distribution of crack size for a given service time may be needed. The
distribution is determined from ( )aD  since the even }{ ax ≤  is the same as the even }{ fnn ≥ .

The distribution function of crack size, the ( )fFSD naF , is determined by:

( ) ( )anFnaF fDfFSD −= 1
(39)

where ( )anF fD  is the probability of the damage cycles nf  for a given crack size a .

According to this model, MSD (Fig.13 (a)) test results are considered. The initial flaws are
approximated using the scatter in metallurgical defects in aluminium alloys. According to the
scanning electron measurements of the material from ref. 15, 8.0

0
=aCOV  is considered to be

reasonable to characterise the scatter in initial flaws. The parameters in the intrinsic crack
growth rate, the iX  in eq.(19), are determined based on the evaluation of AGARD small
crack growth test results (Newman and Edwards, ref.26). XCOV  in the crack growth rate is
fitted as a function of the crack growth rate:

( )
�
�
� ×≤=

−

otherwiseConst
cyclemmdNdafordNdaACOV

B

X .
/105/ / 6

(40)

Three values are needed to define XCOV ; one for XCOV  at cyclemm /105 6−×  (the long
crack data), one for XCOV at cyclemm /10 8− (near threshold value), and one for XCOV  of
fatigue cycles less than crack closure. Apparently, XCOV  for the crack growth rate larger
than cyclemm /105 6−×  is approximated using the scatter in the long crack growth test data
with a value of 1.0=XCOV .

The AGARD small crack tests indicate that a value of 8.1=XCOV  is required for the scatter
near the threshold regime, the crack growth rate close to cyclemm /10 8− . This value gives the
best overall coverage for all the scatters for both the constant and variable amplitude loading
conditions in the AGARD small crack growth test results for 2024 T3 alloy.

The fatigue cycles below the crack closure have no effect on crack growth. However, since
the crack closure is a stochastic process, it will affect the number of cycles below the closure.
An empirical parameter is assumed to account for the variation in fatigue cycles below the



24

closure. According to the AGARD spectrum fatigue testing results, XCOV  is found to be
close to 0.1.

Under a laboratory condition, the load control can be assumed to be deterministic with
0=SCOV . Various values may be tried and compared to test results of MSD panels for

YCOV  since there is no pre-knowledge existed. It has been found that 2.0=YCOV  gives
excellent results compared to the test results for 11 MSD test panels. The comparison is
shown in Fig.13 (c) for the load level of 100 MPa. In this figure, POCB is the probability of
crack breaking-through defined by the probability of cracks to penetration the sheet at a given
time.

An extension of the analysis is to investigate the effect of load level on the onset of MSD. For
different load levels, the analytical results are presented in Fig.13 (c). These analytical results
showed that the load level has substantial effect on the POCB. High load will lead to a large
POCB, a high percentage of MSD initiation, while reduction in the stress can significantly
reduce the onset of MSD. The analytical results show that the log slope of multiple cracks is
nearly independent of the load level, indicating that a constant ratio of MSD initiation may
appear at various load levels for a given production consistency.
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Fig.13: Probabilistic evaluation of the probability of crack initiation and the probability of
breaking through cracks for the MSD panels.

According to the probabilistic solution, the effects of variations due to material, geometrical
inconsistency, initial flaws, and load level may be separately considered. For example when
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the production consistency is improved, resulting in a reduction in YCOV  from 0.2 to 0.1, the
onset of MSD will be delayed, see Fig.13 (d). This will lead to an increased fatigue life for a
given risk level even though the material and load are the same. However, the improvement
increases the slope of POCB that will lead to a rapid build-up of multiple cracks within a
relative short time span at the end of the fatigue life. This will create a more severe MSD
situation at the later stage. MSD may appear “suddenly” everywhere after a certain service
time, see Fig.13 (d).

On the other hand for a deteriorated production consistency, more cracks may be initiated at
the early stage as the example shows in Fig.13 (d) when YCOV  has been changed from 0.2 to
0.5. The fatigue life will be reduced for a given reliability due to the early initiation of MSD.
The development of MSD is more gradual, leaving significant damage indications before
failure occurs since the slope of POCI is reduced.

Fractographic inspections of the broken MSD panels indicated there are a small number of
locations that don’t show any sigh of crack initiation even under a stress level of 100 MPa. There
is a correlation between the number of cracks and the load level. The trend shows that the higher
the load, the more cracks may be founded in the broken specimens. The analytical results of POCI
according to eq.(10-18) are shown in Fig.13 (b) for MSD panels compared to test results as a
function of the load level. In this evaluation, scatters in the intrinsic threshold and the production
consistency etc., are considered. The computed POCI’s is denoted as “Computed”. The analytical
results show a rapid drop in POCI when the stress level is reduced, indicating that MSD may not
be a serious problem for low load level. For the load level where test results are available, the
analytical results agree very well with the experimental results.

Environmental Impact

Even though the probabilistic analyses provide important information about the initiation and
state of the MSD, a concern remains about how the fatigue may behave under the service
condition where environmental attacks may occur. The contact analyses of MSD panels show
that a substantial area around the fastener hole is free from contact for the rivet fasteners.
When such joint is subjected to environmental attacks, these areas may trap harmful chemical
elements and environmental assisted crack initiation and propagation could occur.

Environmental attacks leads to many consequences, such as the loss of thickness, pillowing27,
and pitting28 etc.. While the loss of thickness and pillowing may increase stress severity, the
pitting leads to initiation of fatigue cracks. Once a crack is initiated, the environment may
speed up the crack growth rate. There are extensive investigations for the pitting growth in
aluminium alloys. For example in the aquatic environment, the pitting growth on the surface
of an aluminium plate may be approximated (ref.29 30) with an empirical relation of

0
3/1 aPta += (41)

where 0a  may be characterised with inclusions, particles, or machine scratches (the physical
initial flaws), and P  is a parameter used to characterise the pitting rate.

The pit growth is usually in proportion to the material volume so that the growth rate may be
reduced when the pit becomes large. According to the pitting model by Harlow and Wei (ref.
31), the pitting can significantly affect the fatigue life of the MSD panels especially in the
early stage of crack initiation.
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A competition model may be used to establish a relation between the pitting growth and the
fatigue crack growth model32 because pitting controls the damage growth until corrosion
fatigue crack growth dominates, transition from pitting to corrosion fatigue is dictated by:

Teff KK ∆≥∆ . (42)

When the effective stress intensity factor is larger than the threshold TK∆ , a competition may
be considered between the pitting growth rate and the fatigue crack growth rate. The transition
from the pitting growth mechanism to the fatigue crack growth mechanism may be
determined by:

pittingfatigue dt
dc

dt
dc
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�
�
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�

�
�
�

�

 . (43)

This relation accounts for the load frequency effect. For example, when the load frequency is
high, early transition may occur from the pitting mechanism to the fatigue propagation
mechanism. The low load frequency may relay the transition from pitting to fatigue crack
propagation.

Suppose that an average environmentally assisted crack growth acceleration may lead to
about three times (according to ref. 33) faster in the baseline crack growth rate, the fatigue life
may be simulated with the pitting and competition model for the MSD panels for different
usage frequency. Fig.14 (a) shows the analytical mean S-N curves for the MSD panels when
environmental attacks are considered. For a 100 MPa load level for example, the simulations
show that environmental attacks reduce the break-through fatigue life from the original
100,000 cycles to around 10,000 cycles for a load frequency of ten cycles every day. The
fatigue cycles may be reduced even more, down to 5,000 cycles, for a frequency of usage
down to once every two days. The environmental effect is especially significant when long
fatigue lives are considered at the low usage frequency. There is an increasingly rapid
reduction in the fatigue life for low stresses.

Monte-Carlo simulations were made for different initial flaw sizes, threshold values, pitting
growth rates, and the stochastic crack growth rate etc. In such a simulation, a random initial
crack size is chosen, a random crack growth threshold is determined, and the pitting damage
and fatigue crack growth are evaluated. Based on the competition model, a sample crack
growth is calculated. Repeat simulations can provide a distribution of damage for a given
service time. In this way, the crack growth in a MSD panel is analysed. Fig.14 (b) shows
several simulations with or without environmental effect. The simulations show that
environmental attacks can significantly affect the probabilistic fatigue crack growth (up to an
order of magnitude in fatigue life).

To provide a complete picture of the MSD scenario under the effect of environmental attacks,
the probability of crack breaking-through (POCB) is again considered. Fig. 14 (c) shows an
example of simulated POCBs for different scenarios. For example when there are no
environmental attacks, there is only one out of 1000 holes may have a through-the-thickness
fatigue crack for a stress level of 100 MPa at a service time of nearly 10 years with a usage
frequency of 10 flights every day. When there are environmental attacks at every holes (100
% corrosion), there may be 76 out of 100 locations having cracks being grown through the
thickness. This is a severe MSD scenario since all the holes may contain at least one crack.
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Fig.14: Effect of environmental attacks on the onset of MSD.

For practical applications, the scenario may be between these two extremes. When both
fatigue and corrosion mechanism are involved, the POCB can be estimated according to:

( )POEAPOCBPOEAPOCBPOCB fatiguecorrosion −×+×= 1 (44)

where POEA  stands for the probability of environmental attacks, which represent the percentage of
the locations exposed to environmental attacks. corrosionPOCB   is the probability  of crack growth
due to the corrosion assisted mechanism, and fatiguePOCB  is the probability of crack growth
due to only the fatigue mechanism.

Some cases are shown in Fig.14 (c) for different extent of environmental attacks. For example
when 50% of holes are subjected to environmental attacks ( 5.0=POEA ), there will be 37 out
of 100 locations where cracks may break through the thickness during 10 years service time
for 10 cycles per day. This value is much lower than that when all the holes have been
subjected to environmental attack (76 out of 100). If POEA  can be reduced to 5 %, the
probability of crack breaking through the thickness (POCB) will be reduced to be less than 5
out of 100 during 10 years service. In this case, there is less chance that MSD may lead to a
seriously problem.

The simulation indicates that environmental attacks have significant effect on MSD initiation
and propagation, especially when POEA  is high. This often leads to problems that fatigue
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cracks may be initiated at locations where they are not supposed to be (for example away
from the sides of hole for rivet fasteners). The full scenario should be analysed both for the
stress severe and corrosion severe areas. Together with stress and crack growth analyses,
various scenarios may be analysed and compared to each other to find the most unfavourable
combination.

Concluding Remarks

Finite element analyses involving friction, contact, non-linear material and geometry effect
etc., were performed to identify stress behaviour around mechanical fasteners. It has been
shown that it is necessary to make elastic-plastic and geometrical non-linearity analyses in
addition to friction and contact in order to determine stresses around mechanical fasteners.
The modern finite element codes can be used to identify fatigue critical locations even for the
advanced fastener systems.

Under fatigue loading, the finite element analyses revealed that a shakedown condition exists
at both low and high load due to friction, interference fitting, clamping force, and plastic
yield. The shakedown creates a less fatigue severe state that explains why mechanical
fasteners often have better fatigue lives than they are supposed to be. It has been found that
reasonably accurate analyses may be performed according to the superposition principle of
linear elasticity based on the shakedown condition. Together with an advanced crack closure
model, fatigue lives may be analysed with limited test verifications for various types of joints
and fastener systems even when variable amplitude fatigue loading is considered.

Since the deterministic fatigue life can be analysed with reasonable accuracy, it is meaningful
to consider the stochastic fatigue crack propagation and scatters in initial flaws, material,
production consistency, and fatigue loading. The significance of such analyses is that the
multiple site fatigue damage scenarios may be determined, and effect of environmental
attacks may be analysed. The analyses provide valuable information for the design of new
joint systems as well as the evaluation of ageing structures.
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