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CRACKS INTERACTING WITH CONTACT FORCES

- A FINITE ELEMENT STUDY ON LOADED HOLES

H. Ansell and B. Fredriksson
SAAB~-SCANIA AB
Link&ping, Sweden

ABSTRACT

A computerized method for the simulta-
neous solution of the contact and stress
intensity factor problem has been develo-
ped. The solution is based upon the finite
element method using virtual crack exten-
sion method for stress intensity factor
calculations. The method is generally app-
licable to both two- and threedimensional
problems and both through- and partthrough
cracks could be studied.

The method has been applied to a lug
with pressfitted sleeve and shaft. Both
single- and doublesided cracks are studied.
Contact pressures and stress intensity
factors during crack propagating are pre-
sented. The stress intensity factors are
compared with experimental results. The
importance of the simultaneous solution of
the contact and crack problem is demon-
strated.

I. INTRODUCTION

Both military and civil aircraft are
today designed for damage tolerance. For
operating aircraft damage tolerance assess-
ment are important when lifetime exten-
sions are studied. Among other things this
means that it is necessary to demonstrate
time for cracks to propagate to critical
length under given loads. This means app-
lication of fracture mechanics and study
of crack propagation. A central parameter
in reliable predictions of the growth of
cracks is the stress intensity factor. This
means a requirement of more detailed in-
formation about both load distribution and
local stresses in the structure.

The most critical areas in aircraft
structures are often attachment lugs and
bolted and riveted joints. Cracks usually
starts at loaded holes. In this areas both
geometry and loading are very complex. It
includes both contact and friction prob-
lems. Globally the contact and friction
properties are important for internal load
distribution and locally they are impor-
tant for crack propagation studies. It
might also be possible that cracks are clo-~
sing not only due to plasticity at the
crack tip but also due to reversed loads
influencing the stress intensity range.

When designing the structure it is im-
portant to have methods to demonstrate both
analytically and experimentally the integ-
rity of the structure. In the analytical
tool it is then important to simultaneocus-
ly solve the contact and crack propagation
problem. It is necessary for subsequent
accurate crack propagation studies to have
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accurate information about the stress in-
tensity factor and this is influenced by
the contact forces.

The fatigue behavior of attachment lugs
is a two-stage process, consisting of crack
initiation and crack propagation. It is
important to be able to predict both the
time to initiation and the crack propaga-
tion life. Fatigue and fracture of lugs
has been studied by numerous authors.
Larsson{1l) has developed a method for fa-
tigue life prediction of lugs. The method
is supported by fatigue data. This concept
wa§ further studied by Buch and Berkovits
(2 The crack propagation in lugs was
previously studied by Bdcklund and Ansell

and also by Zatz et a1(4) | Both stu-
dies were concerned with twodimensional
lugs and both indicated importance of con-
tact stress distributions. Threedimensio-
nal stress intensity calculations were per-
formed by for instance Bartelds and de
Xoning (5) and Eiden and Reibaldi(6). They
studied an attachment lug from Spacelab
and calculated the stress intensity factor
on the crack front for cracks in the pin
and lug and also at the thread of the bolt
Only reference (3) involved the simulta-
neous solution of the contact problem.

If cracks emanates from a loaded hole,
i.e. a hole filled with a bolt or rivet
which transfer load the crack problem will
interact with the contact problem. The con-
tact forces between bolt and hole are de-
pending on the crack length and the stress
intensity factor depends on both magnitude
and distribution of these forces and will
be particularly important at short cracks.
Since the major part of the lifetime is
spent at short cracks the stress intensity
factor should be particularly accurate for
these. Earlier studies by Bdcklund and
Ansell(3) for single side cracks in a lug,
indicates a great influence of the hole
boundary load distribution on the stress
intensity factor. In those studies, compa-
risions of stress intensity factors were
made between contact load distributions
caused by an elastic bolt to apriori assu-
med load distributions., The results show
that the stress intensity factors calcula-
ted with the usually assumed sinusoidally
varying load distribution, do not approxi-
mate stress intensity factors calculated
with the correct contact load distribution
in an acceptable way. A better approxima-
tion is made with a constant load inten-
sity, since a contact load distribution is
almost constant in the central part of the
hole boundary. (See Fig 1).
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Fig 1. Stress intensity factors for

three types of bearing press-
ure distributions. From ref. (3)

In the present paper we use a method
that take the contact interaction effects
into account in a correct way. This means
that the contact problem is solved simul-
taneously to the stress intensity calcu-
lation. The solution of contact problems
using the finite element method means mi-
nimization of the total potential energy
with inequality constraints at the contac-
ting nodes. Routines were developed and
implemented into the general gurpose FE-
program ASKA by Torstenfelt (11) | The rou-
tines developed are denerally applicable
to both twodimensional as well as three-
dimensional contact problems. It is thus
possible to study both through and part-
through cracks. The method developed were
applied to the lug with pressfitted sleeve
and shaft. Both single and double sided
cracks were studied. Contact pressures
and stress intensity factors during crack
propagation are presented. The stress in-
tensity factors are compared with experi-
mental results. The importance of the si-
multaneous solution of the contact and
crack problem is demonstrated.

II. THEORY

The present method utilizes the finite
element (FE-) method for the discretiza-
tion and solution of the elasticity prob-
lem. When studying a conventional elasti-
city problem not involving contact problems
the boundary conditions are prescribed
loads pji and prescribed displacements Uy
on £, and Qu regspectively. The finite ele-
ment displacdement method means minimiza-
tion of the total potential energy with
equality constraints

Min {7 = é(%oij Sij - Xy ui) av -
u, =1,
ooy ug an | T W
Q on @
P u

Stress tensor

i3
.. = Strain tensor
1]
Xi = Body forces
u, = Displacement vector
i = Surface loads
v = Volume occupied by the structure
Q = Qp + Qu = Surface of the structure

Introducing the FE-formulation we ob-
tain in matrix notations.

yut K

Min {m u - Etg | u=1uon b 2

structure displacement vector

structure stiffness matrix

(LB i (e

structure consistent load vector

The result is thus a minimum principle
with so called equality constraints. The
minimization will result in the classical
linear system of eqguations to solve.

Considering two elastic structures A
and B contacting each other we obtain con-
tact boundary conditions which involves
inequalities. The inegualities is intro-
duced because points on either A or B app-
roacing each other are not allowed to pe-
netrate into the contacting material. At
subsequent stages it is however possible
that the contact is lost, if tensile
stresses occur and there is no adherence
capacity at the contact surfaces. If there
for instance at the unloaded state are an
initial gap h (%, y) or interference (ne-
gative gap) the differential normal dis-
placement in A and B should satisfy

uﬁ(x,y) - ug(x,y) < h(x,y) on & (3)

Qc contact surface {(unknown)

In addition the contact problem involves
the eqguality constraints of prescribed
displacements u; and loads pj. The solu-
tion of the elastic contact problem could
be obtained from the principle of minimum
potential energy 7 with inequality con=

straints.
Min {7 = f(%oij eij - Xy ui) av -
ui = ﬁi n
-/ pyu o av | 5 }4)
Q ot u. - u. <hon
r n n — c

819



V =V, + Vg = Volume occupied by structu-~
res Aand B.

Introducing the FE-formulation we obtain
in matrix notations. (7)

on £
n
h on Qg4

Y(s)

U
Min {7 = fu” K u - Py <

i e

u

This constitutes a quadratic programming
problem with linear inequality constraints
The solution to this problem could be ob-
tained from FE-programs by adding a module
that automatically search for which con-
tact nodepairs that are active in Eg (5).
The conditions for checking wether the no-
des are in contact or not are either the
inequality condition in Eg (5) or if ten-
sile normal stresses occur. Each changes
of status means a transformation of the
stiffness matrix and could be considered
as a variable multipoint constraint trans-
formation as described by Torstenfelt(ll),
The formulation of contact and also fric-
tion problems has been described in detail
by Fredriksson{7) (9). The result of the
FE-solution to the contact problem is in
addition to stresses and displacements in
the structures also generalized or consis-—
tent contact nodal forces, Rj. These for-
ces should be transformed to normal con-
tact pressure p;. This could be done in a
number of ways. A consistent way of doing
it is to use an interpolation similar to
the FE-method. Assume that the contact
surface element (2D = line element, 3D =
surface element) shape function is %g. In
terms of normal contact pressure p the con-
sistent normal force Re for element e
could be written

Approximating p with ge we obtain

—_ t —
Re 7 (é 2o 2o 49 By = C¢ B

e

(7)

The total normal contact force R are the
sum over all contact surface elements of
the element contact forces R and we ob-
tain

R=Cp C=LC, (8)

C is obtained by an assamblage process pre-
dicted by contact surface topology. It
should be noted from Eg. (7) that Cq is
equivalent to the consistent mass matrix
for the surface element with density and
thickness equals unity. The C, matrix is
thus available in general purpose programs.
By using this "consistent mass" method of
obtaining the contact pressure we have

experienced that it gives accurate results
away from contact boundaries and high gra-
dients but is prone to oscillations close
to such areas. The result is stabilizing
if the "lumped mass" method is used in-
stead. The lumped mass means that the dia-
gonal mass matrix Ce 1s used in Eg. (7).
The "lumped mass" method is used in this
study. There are also other methods of
obtaining contact stresses avallable.(ll)

Stress intensity factor calculations

by using the FE-method could be done in a
number of ways.(lo) A detailed study and
evaluation of different methods has been
performed by Bartelds and de Koning.

An attractive and also accurate method is
to use the relationship between the stress
intensity factor Ky and the energy release
rate C at a virtual crack extension.

Il

v (Poisson's ratio) for plane strain

o for plane stress

The energy release rate C is then defined
as the negative potential energy released
per unit area of virtual crack extension

_ - lim Am -

AR + o TR (10)

AA = incremental virtual crack surface

Eg (9) is valid for mode I dominated
cracks. At mixed modes it is not obvious
how to separate the contributions from the
different modes. The method is applicable
also to threedimensional cracks. Which
value of n to be used in Eg (9) is then
depending on where on the crack front the
K-value is to be calculated. If the crack
is closing, terms are added in Eg (9) due
to contact and friction. The calcu-
lation of C by using the FE-method is effi-
ciently done by virtually shlfz}ng the
nodes on the crack front. This shift
then corresponds to a change AA in crack
surface. The virtual shift of the FE-nodes
means a change AK in stiffness matrix. In
matrix notations we then obtain from the
FE~calculation

(1)

u is the displacement vector from the FE-
gsolution prior to the virtual shift of the
crack tip node. At the shift only AK has

to be computed.
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I1T. FINITE ELEMENT MODEL

The previously described methods were
used to simultaneously solve the contact
and crack problem of a lug with pressfit-
ted sleeve and shaft. The diametric inter-
ference between lug and sleeve was 0.084
mm and sleeve and shaft was net fitted.
The analysis was performed with a shaft
load F egqual to 97 100 N producing a net
stress equal to 68.8 MPa. The geometry of
the lug is described in Fig 2. The FE-mesh
is given in Fig 3. Quadratic 8-noded iso-
parametric elements were used. Crack tip
elements were made singular b¥ displacing
the midnode to the 1/4-point. 13) ar the
transition from coarse to fine mesh for
the crack tip substructure the multipoint
constraint technique was used. The inter-
mediate nodes were constrained according
to the shape functions in the elements in
order to maintain compatibility. The vali-
dity of the degree of refinement was
checked and considered appropriate. The
virtual shift of the crack tip when compu-
ting the stress intensity factor according
to Egs (9) and (11) was 10™4 times the
crack tip element length. The complete
analysis including contact problem solu-
tion, virtual crack tip shift and crack
propagation is performed automatically.

—TL-—
8
bolt—-(N\ W\ V¢ W 4 iD
bushing —- —1
L
lug——
R
Fig 2. Analysed lug-sleeve=shaft
structure.
L = 232.5 mm. e = 86.5 mm.
h=14.0mm. D = 72.0 mm.
d = 60.0 mm.
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Fig 3. Lay-out of finite element
mesh.

IV. EXPERIMENTAL PROCEDURE

One of the main purposes in this study
is to correlate the theoretically obtained
stress intensity factors to experimental
data. One procedure to meet this request
is to use results from crack growth tests
since the crack growth rate can be presen-
ted as a function of stress intensity
range. This means that the same crack
growth rate is always measured irrespec-
tive of crack length, stress and component
geometry for a specific stress intensity
range. This method was found suitable
since constant amplitude crack growth
tests had been carried out on lugs with
the same geometry, pressfit and loading as
for the FE-analysed lug, Fig 1. The lug
was manufactured from Zn-Mg-Cu-Ag aluminum
alloy (Fuchs AZ74) with Young's moduli

E = 69 800 MPa and Poisson's ratio v =
0.33, the sleeve of Cr-Mo steel alloy with
E = 206 000 MPa and v = 0.32 and the shaft

of Cr-Ni-Mo steel alloy with E 196 000

MPa and v 0.32.

From the crack growth curve for the lug
the crack growth rate is evaluated as a
function of crack length.

(da/dN)lug = fen(a) (12)

Before the crack growth rate of the lug
can be used to obtain the experimental
stress intensity factors, a reference test
of crack growth rate with known stress in-
tensity range has to be evaluated. The re-
ference test has to agree to the lug in
respect to material, plate thickness,



stress ratio and environment, In this stu~-
dy compact tension (CT-WOL) test specimens
was cut out from the individual lug speci-
mens as shown i Fig 4. This procedure was
found suitable in order to minimize the
scatter in crack growth rate with respect
to different material batches.

LUG SPECIMEN

COMPACT TENSION SPECIMEN

> [©
O

Fig 4. Individual reference test
specimens cut from lug speci-
mens.

From the crack growth curve for the refe-
rence specimen the crack growth rate is
evaluated as a function of stress intensi-
ty range.

(da/dN)ref = fcn(AKI) (13)

This characteristics of the crack growth
rate can then be transferred to the lug as
a stated in the beginning. If a certain
value of the crack growth rate of the lug
is observed, it must have been produced by
a specific stress intensity range found in
the reference test at the same crack
growth rate.

This procedure has earlier been used to
obtain stress intensity factors for cracks
in lugs by Schijve and Hoeymakers(l5) and
by Geijer (16 The procedure is schemati-
cally shown in Fig 5.

COMPONENT [LUG] REFERENCE SPECIMEN

log da/dN
P
o o® °°
oo‘;" """"""""""""""

g i

°
: a T Y
da/dN=fcnla) da/dN=fcnlak,)

Fig 5. Procedure to obtain experi-
mental stress intensity fac-
tors from crack growth tests.

V. RESULTS

The principal results from the theore-
tical FE-analysis of bearing pressure di-
stributions and contact surface sizes bet-
ween the sleeve and the lug are summarized
and illustrated in Pig 6 and Fig 7. The
illustrations show clearly the redistri-
bution of the bearing pressures due to the
propagating crack. These pressure distri-
butions are calculated using the "lumped
mass” method described in paragraph II.
This method was selected since it showed
an excellent capability to handle the
pressure gradients. These gradients are
caused by the discontinuity in the contact
surface of the lug due to the crack. The
illustrations show also that the contact
surface size produced by the pressfit only,
is changed due to the shaft load, F and
contact is lost on part of the circumfe-
rence.
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03 ~--mmens
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™
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# N
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x N
N
TS
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o/ so 100 150 200 q(MPa)

pressure due to
pressfit only

Fig 6. Bearing pressure distribution
in lug-sleeve contact surface
for a propagating double sided
crack.
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Fig 7. Bearing pressure distribution in
lug~sleeve contact surface for a
propagating single sided crack.

The results from the theoretical analysis
of stress intensity factors are summarized
in Table 1 and illustrated in Fig 8 and
Fig 9. It is a common practice in the
litterature to use a non-dimensional cor-
rection function depending on crack length
only instead of the stress intensity fac~
tor. As a reference guantity it is useful
to use a stress intensity which appear in
a uniaxially loaded infinite plate with

a central crack at the same stress and
crack length.

K, = 0 /ma
_ F
g = 12e-D)Vh net stress
a/R | K, [|Single sided |Double sided | %
© lcracks cracks Diffe-
Ke |K/Kol Ki o |Ke/Kq|TENCE

005 | 164 | 351 | 214 | 351 | 2% | 01
010 | 231 | 474 | 2,05 | 477 | 206 | 06
0,20 | 327 | 599 | 183 | 615 | 1,88 | 27
030 | 401 | 668 | 167 | 705 | 1,76 | 55
050 | 517 | 747 | 1,44 | 838 | 1,62 | 12,2
080 | 656 | 907 [ 1,39 1118 | 1,71 | 233

Table 1. Theoretical stress intensity
factors for single and double
sided cracks. {MPa./ mm).
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Fig 8 and Fig 9 show a comparison bet-
ween the experimental and the theoreti-
cally predicted stress intensity factors.
Relativly close agreement between tests
and calculations are shown. The experimen-
tal stress intensities indicates an ano-
maly for very short cracks, i.e. for crack
lengths between 3.2 and 4.2 mm. Since the
machined V-notch has a length of 3 mm,
the corresponding fatigue cracks are 0.2-
1.2 mm. In this initial phase is the ex-
perimantal crack growth rate significally
lower than predicted. This may be caused
by the initiation of cracks from a machi-
ned notch and by a low accuracy in deter-
mining the crack growth rate in the be-
ginning of the crack growth curve. This
observation was also made by Schijve and
Hoeymakers.
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Fig 8. Comparision between experimen-
tal and theoretical stress in-
tensity factors for double
sided cracks.
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Fig 9. Comparision between experimen-
tal and theoretical stress in-
tensity factors for double
sided cracks.



VI. CONCLUSIONS

The method of simultaneously solving
the contact and stress intensity problem
of propagating cracks was shown to be use-
ful and also necessary for accurate ana-
lysis. The results from previous analysis
show that by apriori assuming a bearing
pressure distribution the stress intensity
could be in considerable error. The pres-~
sure is also redistributed during crack
propagation as shown in this study. It is
in a practical situation with varying lug
geometries difficult to generally recom-
mend what bearing pressure distribution
that should be used for accurate stress
intensity factor calculations. For two-
dimensional lugs with very large 2e/D
ratios there are analytical results avail-
able. Persson has presented the solu-
tion to the plane stress or plane strain
problem of an elastic shaft in an infint
half plane. On the other hand, for lugs
with small 2e/D ratios there are no analy-
tical solution of bearing pressure distri-
bution available and it is shown in this
study that the bearing pressure distribu-
tion is significantly different from
Perssons {17) solution which is close to
sinusoidally. For geometrically more com-
plex lugs such as wing rudder attachments
where threedimensional effects might be of
considerable importance it is almost im-
possible to apriori assume a pressure di-
stribution. An analysis tool for the simul
taneous solution of contact and stress
intensity problem become a necessity.

The analytical tool applied in this
work could also be used efficiently, as a
complement to tests, for parameter studies
It could for instance be used to study in-
fluence of sleeve and lug interference on
stress distribution and thus also on the
stress intensity factor. distribution. It
could be used to study the stress inten-
sity factor for cracks propagating in
different directions. Both symmetrical
and/or transverse loading could be analy-
sed.
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