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Shell Modeling of Fretting in Riveted Lap Joints

G. Harish* and T. N. Farris’
Purdue University, West Lafayette, Indiana 47907-1282

Fretting is a contact damage mechanism arising from microslip associated with small-scale oscillatory motion of
nominally clamped structural members. Fretting has been observed near aircraft skin fastener holes. Shell finite
elements are used to model the contact at a typical skin/rivet interface, with emphasis on fretting as a crack nucle-
ation mechanism. Contact elements implementing the Coulomb friction law keep track of contact status between
interacting surfaces. The model accounts for bending, contact between the skin panels, and rivet head clamping
pressure. Elastic supports control the load transferred and simulate variousrivet configurations. No interference is
considered, leading to loss of contact between the skin and rivet on loading. The distinct stick-slip zones, combined
with high tensile stresses at the edge of contact, are indicative of fretting, resulting in crack nucleation at the edge of
contact. Away from the edge of contact, the tensile stress decays rapidly. The slip displacement has values typically
associated with fretting fatigue. The interface between the two skin panels is also a region of fretting damage.
Crack nucleation lives are predicted using a multiaxial fatigue theory. The top row of rivets has the smallest pre-
dicted life. For low remote stresses, increase in friction coefficient increases life, whereas for high remote stresses,
life decreases with increase in coefficient of friction. Increasing rivet head clamping pressure increases the life.
Plasticity blunts the effects of friction coefficient and clamping pressure. An approximate solution that does not

require finite element analysis estimates the crack nucleation life for any rivet configuration quickly.

Introduction

RETTING is a damage phenomenon occurring between con-

tacting bodies nominally at rest but having oscillatory motion
of small amplitude. Fretting is characterizedby high contactstresses
and microslip at the surface. Corrosion, wear, and fatigue all form
part of the damage mechanism, which leads to accelerationof near-
surface crack nucleation. Fretting has been well documented for
flange joints, lap joints, dovetail notches in engine blades, roller
bearings, and other locations exhibiting high contact stresses and
small-scale oscillations.! -2

The fretting damage process can be divided into three stages.?
In the first few cycles, the thin oxide layer resident on the mate-
rial surface is removed through wear caused by the microslip. Then
the material underneath the oxide layer forms microwelds through
an adhesive process, accumulating wear debris between the contact
surfaces.* Finally, the plastic deformation near the surface accumu-
lates, and the wear process forms more oxide, which promotes the
nucleation of microcracks. The coefficient of friction also increases
during the first few hundred cycles and reaches a stable value.’™’
Fretting fatigueresults when one or more of these microcracks pen-
etrate the bulk of the material. Fretting fatigue can reduce the crack
nucleation life by an order of magnitude.

Because of various constraining factors, the U.S. Air Force is
looking to extend the lives of some of its aging fleets of KC-135
and C-141. Also, some of the fleets are operating at loads higher
than the designloads.® This has necessitatedthe periodic inspection
of aircraft, both old and new. Particular emphasis is being laid on
the effect of multiple site damage (MSD), which is characterized
by a multitude of small cracks, which, although individually not
catastrophic,can cause premature failure by their combined effects.
Farris etal.” have discussedfretting as a mechanism for formation of
MSD at fastener holes. The teardown inspectionsof KC-135, C-5A,
and C-141 have revealed the existence of MSD cracks at fastener
holes. This makes the understandingof various crack nucleationand
propagation mechanisms very important. Figure 1 shows a typical
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lap joint and the local contact at a fastener location with the fretting
locationshighlighted. The nature of the contactbetween the skin and
rivet, as well as between the two skin panels, is conduciveto fretting
damage, thus requiring a careful study of the parameters involved
in fretting and the developmentof an appropriate theory applicable
to actual structural members. In the recent past, various researchers
have studied the fretting of lap joints in the laboratory.’"'> Ghosh
et al.’® used an inverse method to study the load transfer from a
smooth elastic pin onto an infinite sheet. Sundarraj et al.'* used
an axisymmetric model to study a double lap joint with no contact
separation. Fung and Smart'® analyzed a single-rivet lap joint. The
current work investigatesa typical lap splice with emphasis on fret-
ting and an estimation of the effect of the fretting contact stresses
on crack nucleation life.

Finite Element Model

Any theory must satisfy two criteria: It must agree with experi-
mental results and must have a good physical basis. Although ex-
periments simulating field behavior provide a framework for eval-
uating the theory, the physical basis involves the identification and
proper modeling of the various parameters that govern the field
phenomenon whose understanding is sought. The study of crack
nucleation in lap joints is governed by the stress and strain state
in the joint as well as the material properties of the components.
The present work concentrates on the estimation of the stresses and
strains and their effect on the crack nucleation behavior for a joint
made of 2024-T351 aluminum with a Young’s modulus of 73 GPa
and a Poisson’s ratio of 0.33. A bilinear kinematic hardening model
is used to model plasticity, with an initial yield stress of 330 MPa
and a hardeningmodulus E, of 1.55 GPa. Because the state of stress
is influenced by the complex phenomena of contact and plastic-
ity (and their interactions with each other), closed-form solutions
are not available. The finite element method (FEM) is a numerical
approach to such problems.

The finite element approach involves the following steps: identi-
fication of the skin/rivet configurations to be studied, reductionto a
discrete model with necessary assumptions, solution of the discrete
model for various loading patterns, and interpretation of the results
within the framework of assumptions.

The model consistsof one-halfrivetand the skin aroundit. A finite
number of rivetrows, with a large numberof rivets in each row, is as-
sumed. The section of the plate near the lap joint may be considered
equivalentto a collectionof unit structures, each of which is similar
to the model, comprising half a rivet and the adjacentskin aroundit.
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The remote load seen by each rivet is uniformly distributed on the
model boundaries. Appropriate boundary conditions and spring el-
ements allow for the modeling of any particular rivet with arbitrary
load transfer. The results in this work refer to a three-row lap joint
containing rivets of diameter 0.51 cm with a spacing of 2.54 cm.
The effect of rivet head clamping is accounted for by applying an
annular pressure on the skin around the rivet. The contact regions
comprise the skin/rivet interface and the skin/skin interface.

The dimensions of aircraft skin panels are characteristic of the
realm of validity of shell theory. The two skin panels are modeled
as shells. To ensure consistency of the model, the rivettoo is modeled
as two shells initially aligned with the skin shells. These two shells
are subjected to constraint conditions to link them together. Each
skin panelis 7.62 cmin length and 1.27 cm in width. The thickness
of each panelis 1.78 mm. Figure 2 shows a schematic of the model.
Considering the effect of local contact stresses to be negligible at a
distance of five radii (of the rivet) from the contact, the remote load
is distributed uniformly along the edges of the two panels. Both of
the panels have symmetry conditions along the edges parallel to the
applied remote loading, which follows from the assumption of an
infinite number of rivets in each row. Consequently, a nonuniform
traction, orthogonal to the applied remote load, results on the appli-
cation of the remote traction. There are elastic supports on one side
of either panel. By varying the stiffnessof the support, the amountof
load being transferred by the rivet assembly can be controlled. This,
coupled with the magnitude of the applied remote traction, enables
the simulation of any configuration having an arbitrary number of
rows of rivets. The elastic supports model the effect of the subse-
quent rows of rivets, whereas the magnitude of the applied traction
takes into account the load transferred in the rows ahead of the rivet
being analyzed.

The sum of the applied traction and the support reaction must be
the same for both of the shells. Hence, the supportstiffnessesare not
arbitrary but must be found iteratively. The clamping pressure due
to the rivet head on the skin panels is modeled by applying pressure
on an annular region bounded by the rivet hole and an outer circle
with radius 1.3 times the radius of the rivet.! The pressure goes to
zero on either end to ensure a smooth profile. The total force acting
on the top and bottom shell is equal. Note that this is the clamping

pressure that remains after the removal of the forces applied during
the installation of the rivet.

To enable the two distinct shells composing the rivet to behave as
a single body, link elements and constraintequations are used. The
link elements link the corresponding nodes of the top and bottom
shells. The nodes are located in the midplane of the shells. Both of
the shells have identical meshes for this purpose. The two nodes
on either shell are connected by a rod element that has a stiffness
determined by the stiffnesses of each of the elements that contain
the two nodes that form the rod element. Each shell element would
contribute a stiffness, the value of which depends on the element
volume and the number of nodes in the element, to each of the
nodes that compose it. The stiffnesses are summed at each node,
and the stiffnessof the rod elementis then determined. For identical
meshes of the two shells with the same thickness, the equation for
the stiffness can be expressed as

1 AE;
K =- —_— 1
D M

where K is the stiffness, 7 is the thickness, A; and E; are, respec-
tively, the area and the Young’s modulus of the elements that are
connectedto the node, and 7n; is the number of nodes in the element.
Note that only one of the link element nodes needs to be considered
for the preceding equation, and the summation is over all of the
elements containing the node.

The bottom of the top rivet shell and the top of the bottom rivet
shell correspond to the same point in physical space. Hence, con-
straint equations are imposed to ensure continuity at this plane, the
center plane of the rivet itself. The constraintequations account for
translation and bending of the shell as well as any shear deforma-
tion. The two equations at each node pair correspondingto the two
in-plane directions can be expressed as

(u[ + 0-59[t)bmtom = (u[ - O-SQ[I)Iop (2)

where 1 is the thickness of each of the shells forming the rivet, u;
is the translational displacement in the i direction, and 6; is the
angular displacement (in the i direction) of the normal section to
the midplane of the shell.

Contact Modeling

Contactelements are used to keep track of the contactbetween the
various surfaces. Contact elements exhibit a nonlinear relationship
between force and displacement. They have zero stiffnessin tension
and a high stiffness in compression. In the present model, contact
elements are used to keep track of the contact between the skin and
rivet as well as between the two skin panels themselves. Point-to-
point contact elements are used for both contacts. Even though the
problem is three dimensional, the nature of contact is roughly the
same over the entire loading spectrum. Also, the sliding is expected
to be small. Hence, because the contact area can be estimated a
priori, the point-to-pointcontact elements are the most appropriate.

The contact elements between the two shells have a soft contact
stiffness. This allows the two nodes composing the contact element
to move toward each other in compression, simulating the compres-
sion of the two skin panels in the transverse direction. The contact
stiffness is calculated using the method used to calculate the stiff-
ness for the link elements connecting the rivet shells. The contact
stiffness for the contact elements between the plate and rivetis kept
high in comparison to the stiffness of the adjacent shell elements.

The shellelementhas only one node throughthe thickness.Hence,
contactcan be resolvedonly at the midplane of the shell. Partial con-
tact through the thickness cannot be resolved. Bending effects are
notconsideredas part of the contact forces. Figure 3 shows an exam-
ple of a possible contact state and the finite element implementation
of the same.

Finite Element Mesh

The commercialfinite elementpackage, ANSYS version5.3, pro-
vided to Purdue University on an academic license, is used for the
solution of the problem. The skin panels and the rivetshells are mod-
eled by four-nodedMindlin shell elements (SHELL43). The contact
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Fig.4 Finite element mesh (on top) with side view of deformed mesh:
0, =96.5 MPa, 1 =0.65, maximum clamping pressure =83 MPa, and
LTR = 0.38.

elements are three-dimensional, point-to-point elements (CON-
TACS52). The two rivet shells are linked by rod elements (LINK4).
The finite element mesh is shown in Fig. 4. There are 852 nodes
composing 768 shell elements. There are 24 elements around the
circumference of the rivet. The contactis tracked through 267 con-
tact elements. There are 50 contact elements between the panel and
rivet shells and 217 contactelements between the two panels. There
isarow of elementson each panel shell thatacts as the elastic support
modeling the effects of the subsequentrows of rivets. These provide
both axial and bending stiffness. There are symmetry conditions on
the boundaries parallel to the x axis. Tractions are applied along one
edge of each of the two panels parallel to the y axis. Displacement
compatibility is imposed on the rivet shells using Eq. (2).

Five remote stresses from 55 to 110 MPa, three coefficients of
friction (0.2, 0.4, and 0.65), and two values of maximum clamping
pressures (55 and 83 MPa) were investigated. These analyzes were
performed assuming the joint of interest to be the first row of a
three-lap joint with 38% of applied remote load transferred through
the rivet. Also, the corresponding configuration of the second row
with 24% load transfer was studied.

Verification of Mesh Adequacy

The first step in the analysis is to verify that the mesh is able to
resolve the contact and other issues accurately. The problem was
solved with zero load transfer and no friction. The symmetry condi-
tion modeling the infinite number of rivets is replaced by an applied
traction. Because the boundaries are far away from the rivet, their
effect is small. The results were compared with the solution for a
frictionlessinclusionin an infinite matrix. Note that this is a reced-
ing contact problem. The analytical solution is due to Keer et al.!”
The results are shown in Fig. 5 for two ratios of the tractions along
the two directions. The finite element results agree well with the
analytical solution, demonstrating the adequacy of the mesh.

Results

The displacement profile is shown in Fig. 6, and a side view of
a typical displacement profile is shown at the bottom of Fig. 4.
The contact is centered around 6 = 0 deg with the half-contact an-
gle calculated to be approximately 90 deg. The dominant contact
mechanism is seen to be the global motion of the skin into the
rivet. Another mechanism is the tendency of the skin panel hole to

p/O'xo
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Fig. 5 Comparison of results for 0 LTR case with analytical solution.

Fig.6 Top view of deformed mesh (only a portion of the mesh is shown
for clarity): o, = 96.5 MPa, 1 = 0.65, maximum clamping pressure =
83 MPa, and LTR = 0.38.

deformintoa elliptical shape under loading, which contributesto the
contact around 8 =90 deg. The observed contact area is in agree-
ment with the results of Narayana and Dayananda.!® The contact
area is observed to be nearly constant for all values of the applied
load, especially with little or no plasticity. This surprising result
can be explained by considering the nature of the skin/rivet contact.
Because the final contact area is less than the initial contact area
(with no load), this problem is a receding contact problem. It can be
shown that, for such problems, the contact area is independent of
the actual magnitudes of the applied loads.!” Whereas the preced-
ing result assumes elastic behavior, the present problem has little
plasticity, and hence the contact area remains constant.

The load transferred through the rivet assembly is transferred
through the skin/skin interface and between the skin/plate interface.
The partition of load between the rivet and skin/skin interface is
shown schematically in Fig. 7. When the loading is applied for the
first time, initially nearly all of the load is taken up by the interfacial
friction as the panels have to overcome this interfacial friction to
move into the rivet and initiate contact at the rivet/skin interface.
Thus, the rivet begins to take up load only after the two panels
slip with respect to each other. The rivet absorbs the subsequent
loading. When unloading begins, once again the panels need to
slip in the opposite direction to relieve the load on the rivet. This
necessitatesthe reversal of the interfacialfrictionalload. During this
phase of unloading, the rivet itself does not experience significant
changeinload. When the unloadingis complete, thereis a frictional
load between the two panels and a balancing load on the rivet.
When reloading begins, once again the interfacial friction accounts
for the initial part and the rivet absorbs the subsequent loading.
This mechanism now continues in a cyclic fashion. The amount of
interfacial friction depends on the clamping pressure on the rivet.
Also, the presence of high slip amplitudes in conjunction with any
high stresses can cause extensive damage to the faying surfaces and
nucleate cracks.
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Evidence of Fretting

The most severe stress conditionsoccur at the skin/rivetinterface
for the parameters considered in the present study. Figure 8 shows
the results, expressed in the form of stress distribution around the
rivethole, for a typical configuration. Figure 9 shows similar results
for a loading configuration that produces plastic deformation. The
normal pressure p, the equivalent shear stress 7.4 at the interface,
and the hoop stress on the panel surface are plotted as functions of
the angular coordinate 6, which is defined in Fig. 2. The stresses,
plotted at the midplane of the shell (without bending effects), are
made nondimensional by dividing by the remote tensile load o,.
The loaded and unloaded configurations are plotted. The stick/slip
nature of the contactis observed, where slip is characterized by the
frictionalcontactforce being equal to the coefficient of friction times
the normal contact force. Note that, because the contact algorithm
usesonly forces, the effective coefficient of friction when comparing
shear and normal stresses in the slip zone might be different. This
effective coefficient of friction is referred to as pterr. The stick/slip
natureis also verified by checking the nature of the contactelements.
Wherever the contact elements report no contact, the pressure and
shear traction are assumed to be zero.

The pressure distribution is nearly semielliptic in nature and re-
sembles the Hertzian pressure distribution. However, at higher load
transfer ratios (LTR; the ratio of transferred load to applied remote
load), the pressure reaches a maximum at a value of 6 other than
zero, an effect of the aforementioned effect of the local tendency
of the panel hole to deform into an ellipse. This causes the region
around 6 = 0 deg to move away from the rivet, with a resulting drop

in the contact pressure. The effective shear stress, which is the vec-
tor sum of the two interfacial shear stresses 7,9, and t,,, follows
the pressure distributionin the slip region, where 7.4 equals piegp.
In the stick region, the effective shear stress decreases as 6 goes
to zero. The region of slip varies from 60 to 15 deg of arc as the
coefficient of friction varies from 0.2 to 0.65. Experiments indicate
that for 2024-T351 aluminum the coefficient of friction is about 0.2
initially and under fretting conditions increases to a stable value of
about 0.65 after a few hundred cycles.

The hoopstress o, has a peak at the edge of contact,i.e.,6 =0 deg,
and decaysrapidly away from the edge of contact. However, it seems
to stabilize in the stick region. The hoop stress is derived from three
sources: the stress concentration due to the panel hole, the normal
pressure, and the shear traction. The latter two result from contact.

In Fig. 9 the same features mentioned earlier are observed,except
that plasticity causes the hoop stress distributionaround the edge of
contactto be flatter as the load gets redistributed.The pressuredistri-
bution is also flatter and no longer resembles the Hertzian distribu-
tion. The plasticity is very localized and is observed only in the first
cycle. Owing to the small strain hardening, the peak value of stress
remains close to the nominal yield stress. Additionally, the adja-
cent elastic material constrains the plastic deformation. Subsequent
loading cycles are elastic, cycling between the two states shown in
Fig. 9. Figure 10 shows a hysteresis plot of the applied remote load
against the displacement in the direction of the load at the loading
edge of the top panel. The first cycle includes plasticenergy dissipa-
tion in addition to the frictional energy dissipation. The subsequent
cycles marked B and C are identical, indicating that there is no fur-
ther plastic energy dissipation. The area enclosed by the hysteresis
curve over one cycle gives the energy dissipation for that cycle.
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Fig. 12 Decay of oy, in radial direction; R is the radius of the rivet:
w1 =0.2and LTR = 0.38.

As mentioned earlier, on unloading, the pressure and other
stresses do not go to zero. In the presence of plasticity, the hoop
stress at the edge of contactis compressiveon unloading. The cyclic
stressin the rivetis the difference between the stable loaded and un-
loaded configurations. The presence of distinct stick-slip zones in
the contact area, coupled with the high tensile hoop stress at the
edge of contact, is indicative of fretting behavior.

Figure 11 shows the effect of local bending on the contactstresses
betweentherivetand skin. Althoughbendingaffectsall three contact
stresses, the effect on the hoop stress is minimal at the edge of
contact, which is the critical location. Hence, stress severity at the
critical location is unaffected by local bending. In the slip region,
Teq 1S nOt equal to e p, as the contact algorithm uses the contact
force at discrete nodes and does not account for the bending forces,
in contrastto the stress-basedapproachmore suitable for continuum
bodies.

The rapid decay of the hoop stress away from the contact inter-
face is shown in Fig. 12 . Both the contact stresses and the stress
concentration decay rapidly away from the hole. The gradient is
quite steep even when plasticity sets in. Thus, this problem involves
high stress gradients in addition to contact, frictional dissipation,
and plasticity. The decay of the stresses along the 0-deg directionis
steep as well, resulting in a nearly uniform state of stress at the elas-
tic supports. This indicatesthatrivetinteractionis primarily through
stress shielding, which is simulated through the use of appropriate
boundary conditions.

Fretting fatigue occurs when slip displacementsbetween the pan-
els and the rivet are small. Figure 13 shows the relative displace-
ments between the top panel and the correspondingrivet shell. The
gap displacement refers to the relative normal displacements be-
tween the plate and rivet. This is zero in the contactregion. The gap
is positive elsewhere, indicating loss of contact. The slip displace-
ment refers to the relative motion between the plate and rivet in the
hoop direction. The slip in the transverse direction is also brought
out in the model. The transverse slip is small in the presence of
clamping pressure on the rivet head, in part due to the consequent
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Fig.14 Cracknucleation lives at various remote stresses and clamping
pressures.

restriction on the motion of the plate in the thickness direction.
The slip displacements are zero in the stick region and indicate the
amount of slip in the slip region. Once again the stable value of the
slip is nonzero in the unloaded state. The slip displacementplot has
no particular significance beyond the contact area. The maximum
slip displacement occurs at the edge and typically is nearly 14 pm.
This is consistent with the values reported for a lap joint.?* This
small slip causes wear that nucleates a crack at the edge of contact,
which is then driven by the tensile hoop stress. Thus, this is the
critical location for a crack to nucleate. The slip between the two
panels reaches a maximum of 1.5 um at 6 =135 deg and a radial
distance of 1.6 from the center of the hole, where R is the hole
radius. This slip may be related to the formation of cracks at the
skin/skin interface away from the skin/rivet contact.

Application to Fretting Crack Nucleation
The multiaxial theory proposed by Socie?! has been used by
Szolwinski and Farris® to predict fretting crack nucleationin a con-
trolled fretting test. Their predictions are in good agreement with
the experiments of Nowell and Hills** and data collected at Purdue
University2* The number of cycles N; to nucleate a crack of length
1 mm is given by

I = 0w (Ae/2) = (07 [E)2N)” +0je QN (3)

where the fatigue constants crf’., €7,b, and ¢ are 1013.5 MPa, 0.22,
—0.12,and —0.52. The critical parameteris identified as ", the max-
imum value of the product of the maximum stress and the normal
strain amplitude. This always occurs near the edge of contact for lap
joints without interference. Note that, for uniaxial loading, Eq. (3)
becomes the Smith-Watson-Topper equation > The predictedlives
to crack nucleation are shown in Fig. 14. Any other life predic-
tion theory would give similar qualitativeresults with possible scale
changes. For the middle row of rivets, the stress level is much lower
than that for the first row of rivets. Only the first row results are
plotted, as the middle row data fall above the open hole data. The
load transferratio is kept at 0.38. The open hole data are for a plate
with no hole subjected to the same remote loading. The effects of
friction, clamping pressure, and plasticity are discussed next.
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Effects of Coefficient of Friction

As the coefficient of friction increases, the region of stick be-
comes larger and results in more shear traction, which increases the
hoop stress at the edge of contact. For a given load transfer ratio
of the rivet assembly, as the coefficient of friction increases, there
is more load taken up by the interfacial friction between the two
skin panels, resultingin less load being transferred through the rivet
itself. The tradeoffis that the higher coefficient of friction increases
the severity of the local stresses at the skin/rivet contact for a given
load. For small remote loads, the load reduction is more than that
required to compensate for the increased stress severity, resulting in
lower stress values overall. As the remote load increases, the load
relief provided by the increased interfacial friction is insufficient to
offset the high stress severity. Also, as the coefficient of friction in-
creases for a given remote stress, the interfacial frictional load once
again cannot compensate for increased stress severity. There is an
optimum coefficient of friction for a given configuration. In a lap
joint, the coefficient of friction is expected to stabilize after a few
cycles, and hence the applicationof the preceding phenomenon lies
in using coatings to reduce friction. It might be more beneficial to
reduce friction at the skin/rivet interface but let the friction develop
between the two panels.

At low remote loads, an increased coefficient of friction is ben-
eficial in increasing the crack nucleation life. This beneficial effect
becomes less pronounced either as the remote stress increases or as
the coefficient of friction becomes very high. At high remote loads,
plasticity sets in and constrains the value of peak stress, causing any
effects of friction to be blunted.

Effects of Clamping Force

As seen from Fig. 7, the clamping pressure determines the load
taken up by interfacial friction between the panels, which reduces
the load taken up by the rivet and hence the stress severity at the
skin/rivetinterface. The two clamping conditions considered corre-
spond to a clamping force of 930 and 1400 N. The clamping pressure
diffuses through the thickness and encompasses a larger area at the
interface of the two panels. The interfacial friction needs to be over-
come before any change in the load transferred through the rivet
takes place. The higher the clamping pressure, the greater the in-
terfacial frictional load, and, hence, the less the load on the rivet.
This resultsin lower peak stress values leading to higher nucleation
lives as shown in Fig. 14. Again, this effectis less significant in the
presence of plasticity.

Effects of Plasticity

The observed plasticity is restricted to a small zone near the edge
of contact. The sharp peak in the hoop stress initiates plastic de-
formation in the first loading cycle. The constraining effect of the
surroundingelastic material coupled with the small strain hardening
of aluminum causes the plastic deformation to remain small with
any additional load being redistributed. The peak stress values re-
main close to the nominal yield stress. There is no change in the
contact area. On unloading, the hoop stress becomes negative close
to the edge of contact, and subsequentcycles oscillate between this
state and the stress state on reloading. This is demonstrated by the
hysteresis plot (Fig. 10). However, the strain amplitude s still com-
parable to the values obtainedin a purely elastic analysis. Hence, as
Eq. (3) uses the maximum stress as a parameter, plasticity reduces
the value of I" and hence the crack nucleation life curve flattens out
at high remote stresses. In addition, plasticity blunts the effects of
increased coefficient of friction and clamping force. However, if a
pure-strain-amplitude-based theory is used, plasticity will not have
such a significant effect.

Approximate Model

The origin of the stress concentrationat the skin/rivet contact can
be identified as the combination of the stress concentration due to
the rivet hole and the contact stresses. For the purpose of an ap-
proximate solution, it may be assumed that the two contributions
can be superposed. Whereas the stress concentrationcan be approx-
imated as a plate with a hole under tension with symmetry bound-
ary conditions along the edges parallel to the tensile traction, the
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Fig. 16 Comparison of FEM and analytical contact stresses: o, =
83 MPa, 1 = 0.4, maximum clamping pressure = 55 MPa, and LTR =
0.38 (top panel, first row).

contact problem is symmetric about & =0 deg and does not have
a closed-form solution. However, the corresponding antisymmet-
ric problem (Mindlin problem) has a closed-form solution.2 The
presence of an antisymmetric boundary condition as opposed to a
symmetric boundary conditionhas a small effect at the edge of con-
tact. McVeigh and Farris?” have shown that the Mindlin solution
can be used to approximate more complicated situations involving
stress due to other sources in addition to contact stresses. Hence,
the preceding approach is appropriate to estimate the stress (and
strain) at the edge of contact. Figure 15 shows the schematic de-
composition of the problem into a stress concentrationand Mindlin
problem with the same contact area, normal force, and slip zone.
Bendingis neglected as it has little effect at the edge of contact. The
interfacial friction is assumed to take up a load of p.¢F, where F/
is the clamping force.

Figure 16 shows the comparison of the finite element solution
and the analytical approximation for a particular loading case. The
agreement is best near the edge of contact, and the analytical so-
lution degrades as we move away. Whereas the Mindlin solution
assumes a Hertzian pressure distribution, the tendency of the hole
to deform into an ellipse forces the actual pressure distribution to
look different. Also, for the Mindlin problem, the shear stress does
not go to zero at 6 = 0 deg.

Because a finite element analysis cannot be done for every pos-
sible configuration, the parameter governing crack nucleation I" is
quickly estimated as follows. The load transfer ratio, remote stress,
clamping pressure, and coefficient of friction are assumed to be
known. The interfacial frictional force is calculated, and the load
taken up by the rivet is obtained. The ratio of stick zone length
to total contact length is assumed to be equal to the coefficient
of friction itself. The normal force and the frictional force can be
calculated from the remote stress, the load transfer ratio, and the
rivet dimensions. The stress concentration (including the symmetry
tractions) and the contact stress can now be estimated. A perfectly
plastic material is assumed, and the strain amplitude is calculated
as if the material were elastic. The details of this implementation
can be found in Ref. 28. Figure 17 shows the comparison of the
finite element and analytical values of I" for all of the cases studied.
The correlationis good considering the approximations made in the
theoretical model. This approximation may be used with Eq. (3) to
predict crack nucleation quickly.
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Conclusions

Fretting is one of the causes of crack nucleation in riveted lap
joints. For riveted lap joints with no interference, fretting damage
can occur at the skin/rivet interface as well as at the interface be-
tween the two skin panels. The finite element method has been used
to demonstrate the prevalence of conditions conducive to fretting
damage. The effects of friction, rivet head clamping pressure, and
plasticity are accounted for in a shell model. Higher clamping force
causes more load to be taken up at the skin/skin interface, thereby re-
ducing the load on the rivet itself. This also causes the rivet to have
some residual load on unloading. A higher coefficient of friction
causes more severe contact stresses at the skin/rivet interface but
also increases the frictional load-bearing capacity of the skin/skin
interface, causing some relief in the load seen by the rivet. There is
an optimum coefficient of friction at which the stress severity for a
given configurationis minimum. Plasticity constrainsthe peak value
of the stresses at the edge of contact, which is the primary location
for the cracks nucleated by the relative slip between the skin and
rivet and propagated by the high stresses at the edge of contact. A
multiaxial fatigue model based on the Smith-Watson-Topper equa-
tion is used to predict the number of cycles to nucleate a fretting
crack at the edge of contact. The first row of rivets in a multirow
lap joint are the most susceptibleto fretting crack nucleationas they
transfer more load and are subject to higher stress concentration. A
simple model is used to quickly estimate the crack nucleation life
for an arbitrary lap joint.
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