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The onset of widespread fatigue damage in riveted aircraft structure has been linked to sharp gradients of stress
arising from contact between rivets and rivet holes. In addition,the mechanics of load transfer in lap joint structure
(and resulting damage) is in� uenced by the through-thickness restraint offered by the installed rivet. Finally, the
propagationof fatiguecracks at and aroundthe rivet/hole interface is tied to the residual stress � eld induced during
the riveting process. In light of the in� uence that rivet installationhas on the fatigue performance of riveted joints,
the aim was to link details of a quasi-static, squeeze force-controlled riveting process as provided by � nite element
modelingto the resulting residual stress � eld in a single-lap joint structure. Supportingexperiments provide insight
into the inelastic response of the rivet material and validation of the model results. These results from the model
reveal both a strong through-thickness gradient in residual stresses and a change in the distribution of residual
hoop stress near the rivet/hole interface with squeeze force. Comments are also made regarding the relationship
between riveting process parameters and trends in observed fatigue failures of riveted lap joint test articles.

Introduction

I N the two decades following the of� cial adoption of the damage
tolerantapproach,advancesin the understandingof basic fatigue

mechanisms, damage tolerant structural design, nondestructive in-
spection techniquesand a comprehensivetrackingof individualair-
craft usage have provided the U.S. Air Force with con� dence in this
philosophy of ensuring the structural integrity of its � eet. However,
successful,robust, and cost-effectiveimplementationof the damage
tolerant approach hinges on two elements: the capability to inspect
critical structural elements and the ability to blend predictive tools
with laboratoryand operationalservicedata to scheduleappropriate
inspectionintervals.The aftermath of the 1988Aloha Airlines � ight
243 incident, in which a portion of the passenger compartment dis-
integrated during a short � ight, forced the aerospace community to
refocus the proceduredevelopedto ensure the structural integrityof
aircraft, civilian and military alike.

Expert review of the watershedAloha Airlines incidentattributed
the disaster to the sudden linking of multiple undetected cracks at
and around rivet holes in the metallic panels comprising the skin
of the pressurized fuselage. This in-� ight catastrophe unveiled the
potential threat to airframe structural integrity proffered by the in-
teraction and uncontrolled linkup of seemingly small and often un-
detectable cracks in riveted primary structure. This type of fatigue
damage, often referred to as widespread fatigue damage (WFD), is
characteristicof the large population of aging aircraft. WFD poses
a current dual-tiered threat to the basis of the damage tolerant de-
sign philosophy because 1) it often de� es detection by pragmatic
nondestructiveinspectionof riveted structure and 2) the knowledge
base on the nucleation of this type of damage is only beginning to
mature.Consequently,a criticalneed exists currently to identify and
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understandthe detailed relationshipbetween the factors that control
the development of WFD and the subsequent fatigue performance
of riveted aircraft components.

Motivated by observations from both periodic teardown inspec-
tions of aging aircraft structure and laboratory tests of riveted lap
splice joint con� gurations,1 ¡ 4 this research was targeted at devel-
oping an accurate understanding of the localized conditions at and
around the rivet/hole interface introduced during rivet installation.
To this end, a � nite element model of a force-controlledrivet instal-
lationprocesswas formulatedwith an experimentalcharacterization
of the inelasticmaterial responseassociatedwith the large-scalede-
formationof the rivetmaterial.Veri� cationof this formulationrelied
on validationof the large- and small-scaleplastic deformation asso-
ciated with the forming of the driven rivet head and hole expansion.

Results from several analyses are then interpreted in the context
of the mechanicsof load transfer in riveted joints and the intimately
related nucleation and propagation of fatigue damage, including
fretting fatigue cracks, in riveted lap joint test articles. Final com-
ments are made regarding juxtaposition of this analysis tool with
a global joint model to establish design-basedcriteria for the man-
ufacturing and subsequent fatigue performance of riveted aircraft
structure.

Motivation
Typical riveted aircraft structure is manufactured by layering ei-

ther two (single-lap joint) or three (double-lapjoint) sheets of mate-
rial and then joining the assembly togetherwith a fastener.Common
fastening techniques rely on either bolts or other threaded fasteners
and rivets. When compared to threaded fasteners, the use of rivets
is more attractive because of both its economical advantages (no
threading of bulk material required, lower unit cost for the fastener,
and faster cycle time for installation) and its permanenceafter instal-
lation (no ability to back out after installation). Figure 1 introduces
the key features and vocabulary of rivet installation, including the
expansion of the rivet shank against the surface of the drilled hole
and the related forming or upsetting of a driven rivet head. This
forming or heading process is referred to as bucking and is accom-
plished usually by impacting a tool against the manufactured rivet
head while providing resistance against the driven rivet head with
a � at bucking bar surface. The tool can be driven by hydraulic,
pneumatic, electro-magnetic,or manual actuation.
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Fig. 1 Summary of the key
features and nomenclature
of rivet installation (adapt-
ed from an illustration by
Reithmaier).17

The bulk of published research on riveted joints, including work
by Beuth and Hutchinson5 and Park and Alturi,6 provides little in-
sight into either the link between the rivet installation process and
the resulting contact conditions, or the subsequent interaction be-
tween the installed rivet and surrounding material during loading
of the manufactured joint. Most workers have avoided a detailed
analysis of these contact conditions by accounting for the complex
interaction between rivet and sheet by either introducing an arti� -
cial interference condition between a rigid pin and the rivet hole or
simply calculating the resulting radial residual stresses due to uni-
form expansionof the rivet hole. Even for models that attempted to
resolve the contact in more detail, uniform interference along the
rivet and hole is assumed, and relatively unsubstantiatedestimates
of through-thicknessclamping constraint provided by the installed
rivets are used in the analyses.7,8

The need to understand more accurately the initial interference
induced by rivet installation and the resulting residual stress � eld
around the periphery of the hole is an obvious one. The nature of
this residual stress � eld can have a profound impact on the nucle-
ation and subsequentpropagationof fatigue cracks emanating from
near the edges of the hole. Treatments of the interference between
the rivet and hole that neglect the high compressivestresses through
the thickness direction during installation of the rivet cannot hope
to capture the inelastic material response of both the rivet and sur-
rounding sheet material.

Perhaps less obvious, though, is the in� uence of the clamping
constraint provided through the thickness of the joint by the in-
stalled rivet heads on the potential for fretting damage at the faying
surface.Results from a three-dimensional� nite element model of a
riveted joint by Harish and Farris illuminate this in� uence by em-
phasizing a dual mechanism of load transfer in a typical riveted lap
joint con� guration.9 As presented schematically in Fig. 2, transfer
of the applied bulk load through the joint is shared between fric-
tional action at the faying surface and contact between the hole and
plate. Although the model did not include the effects of interference
between the rivet and hole, a qualitative understanding of the load
transfer mechanism can be gleaned from its results.

Upon initial applicationof load to the jointwith a slip � t rivet, the
load is transferredsolely through the frictional tractionsat the inter-
facial or faying surface. As the load increases, the plates slip with
respect to each other, bringing the rivet and hole into contact. (Note
that it is this stick/slip behavior at the faying surfaces that leads to
fretting damage in riveted lap joints.) Thus, increases in clamping
constraint result in more frictional load transfer at the faying sur-
faces, whereas decreases in clamping pressure cause an increased
loading at the interface between the rivet and hole periphery.

A fundamental question to those designing and manufacturing
rivetedaircraft structurecenters on which of these conditionsresults
in longer fatigue lifetimes. Should fastening techniques or installa-
tion methods that yield increasedclamping constraintbe employed,
such that a larger percentage of the applied bulk load is transferred
at the faying surface? Or will the increased severity of the fretting
conditionsat the fayingsurface result in more aggressivenucleation
of fatigue damage away from the rivet hole?

Only a few researchershaveattemptedto answerthisquestionsys-
tematically in research available in the archival literature.2,10 One
set of workers performed an exhaustive set of nearly 150 fatigue
tests on 2024-T3 aluminum single-lap joint structures, subjected

Fig. 2a Graphicalrepresentation of the dual load-transfermechanism
in a riveted lap joint, as derived from � nite element results by Harish
and Farris.9

Fig. 2b Highlight of the critical regions for the nucleation of wide-
spread fatigue damageby fretting at and around the rivet/hole interface
in riveted aircraft structure.

to both constant-amplitudeand spectrum loading representative of
those experienced during aircraft service. The joints were assem-
bled with a variety of techniques, including hydraulic, pneumatic,
and hand riveting. In analyzing the results of fatigue tests, the re-
searchersuncovereda correlationbetween a larger driven head size
and increases in fatigue lifetime.

Mülleralsosupportedthisobservationin a well-constructedstudy
of riveted lap joint structure.2 To control the consistency of the
conditionsat and aroundthe rivet/hole interface,this work validated
a method of force-controlled rivet installation. In this approach,
compressing the rivet/joint assembly quasi-staticallybetween a set
of hydraulicplatens formed the rivet head.Unlike traditionalimpact
riveting processes, where little control over the displacement of
the tools is available, the force-controlled installation allows for
precise control of the installation. Donaldson and Kenworthy have
also reported increases in fatigue lives of joints assembled with this
technique.11 It is this squeeze-forcetechnique that will be analyzed
in the remainder of this paper.

Finite Element Model of Riveting
To assess the effects of rivet installation on the subsequent load

transfer mechanics and related fatigue performance of riveted lap
joints, a � nite element model of force-controlled rivet installation
was formulated.The objectivesof theensuinganalysiswere to quan-
tify parametrically the effects of both squeeze force and material
properties of the rivet and the surroundingsheet on the interference
at the rivet/hole interface and residual stress � eld in the assembled
joint. The con� guration chosen for the modeling effort was com-
posed of a standard 2117-T4 aluminum alloy universal head rivet
(U.S. MILSPEC MS2047AD6-6, 0.1875 in. diam) and two 0.09-in.
thick, bare 2024-T3 aluminum alloy plates. Review of the literature
suggests that Müller was the � rst to report work of � nite element
modeling of rivet installation.2 The work, though, models a sym-
metric slug rivet and countersink con� guration. More importantly,
the effort provides only limited results on the effects of material
properties and the full residual stress � eld at and around the hole.
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Fig. 3 Axisymmetricbaselinemesh used in the � nite element modeling
of the rivet installation process.

Fig. 4 Schematic of the � nite element mesh of the tool/workpiece sys-
tem; contact at the rivet/plate, plate/plate and rivet/tool interfaces are
modeled.

A typical mesh and a schematic of the axisymmetric model are
presented in Figs. 3 and 4, respectively. Macro� les written in the
command language for the software packageMSC/PATRAN5 were
used as a preprocessor for parametric generation of the mesh and
associated input � le for the computational engine chosen for the
analysis, ABAQUS/Standard 5.5. Four-noded, axisymmetric ele-
ments with reduced integration (CAX4R) were employed to repre-
sentboththerivetandplates,with fewer than� ve triangularelements
(CAX3) interspersed in the mesh. The mesh of the plates extended
10 rivet radii from the axis of symmetry, with rollers along these
edge surfaces and a single edge node on each plate constrained in
the y-direction to prevent rigid body modes. For a baseline mesh of
approximately2000 elementsand 3000 nodes, runs were completed
in under 3 h real time on a Sun Microsystems Ultra2 workstation
with 512 MB of RAM.

As noted in Fig. 4, the model included contact both between the
rivet and plates and at the faying surface or interface between the
two plates. Also incorporatedwas the contact between the riveting
tools, a � xed upper curvedset and � at buckingsurface,and the rivet.
These tools were approximated in the model as rigid surfaces with
no rotationaldegreeof freedom.The contactanalysiswas conducted
usingthe generalizedcontactpair approachwith � nite slidingoption
offered by ABAQUS. By employing this approach,no explicit de� -
nitionof point-to-pointcontactelementswas required;the user must
only de� ne pairs of master and slave surfaces, allowing ABAQUS
to generate internal contact elements as needed to resolve the con-
tact between each of the de� ned paired surfaces. A coef� cient of

friction of 0.20 was prescribed between all of the contact surfaces,
re� ecting data from friction tests with 2024-T351 aluminum alloy
conducted in a separate study by Szolwinski.12

With details of the mesh and contact surfaces set, attention was
given to the nature of the large-strain, elastic–plastic deformation
presentduring theupsettingof thedriven rivethead,deformationbe-
haviorpresentin manymetalcuttingandmetal formingprocesses.In
modeling this behavior successfullywith the � nite element method,
two main concerns arose: 1) updating the � nite element stiffness
equations that depend on the current mesh geometry and state vari-
ables and 2) characterizingthe nonlinearmaterial behaviorafter ex-
ceeding initial yield, particularly for large strain values. In dealing
with geometric nonlinearity, ABAQUS/Standard provided a non-
linear geometry option (NLGEOM) that formulates the elemental
stiffnesses based on current con� gurations from deformed nodal
positions. Because no small displacement assumptions are made,
calculated stresses are then true stresses based on the deformed el-
emental con� guration.13

Material Modeling

Inclusion of the nonlinear material behavior into the � nite ele-
ment model was a more tenuous task. Although copious amounts
of monotonic tensile and compressive stress-strain data exists for
2024-T3 plate, surprisingly little data are present in the open liter-
ature for the rivet material, 2117-T4 (Ref. 14). In fact, the military
standard for riveted joints speci� es little about material properties
of rivets, only mandating the installed shear strengthof the rivet. Al-
though a value for initial tensile yield strength for the alloy (24 ksi)
was readily available, an absence of data for large-strain yielding
behavior in compression,so critical for characterizingthe upsetting
of the driven head and the expansion of the rivet into the drilled
hole, was noted.15

To estimate rivet-hardeningproperties for the model, a series of
compression tests on billet samples extracted from 2117-T4 rivet
shanks were conducted. Complete details of the test procedure can
be found elsewhere.12 As noted by Thomsen et al.,16static compres-
sion test data are often presented in the form r true =C(²true)m for a
limited range of strain. Analysis of the force-de� ection data from
the compression tests yielded a value of C =79 ksi (544 MPa) and
m =0.23 for the range of effective strain 0.02 · ²true · 0.10.

Model Veri� cation

To verify the model, includingthechoiceof hardeningparameters
beyondthe rangeof strain achievedin the compressiontests, a series
of 2024-T3 panels were riveted using a force-controlled setup and
specimen design shown in Fig. 5. The rectangulargrid pattern of 24

Fig. 5 Photographof the force-controlled riveting setup and specimen
design used in the veri� cation of the � nite element model.
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Fig. 6 Summary of the various compressive hardening behaviors con-
sidered in the series of trade studies comparing experimental and nu-
merical force-de� ection response during the riveting process.

holes with 1-in. spacing was produced with a computer numerical
controlledvertical-machiningcenter. Each of the holes was � rst lo-
cated with a center drill pass, which was followed by a conventional
drilling pass with a 0.1875-in. bit and a � nal pass with a number 11
reamer (0.191 in.). This procedure re� ected practices suggested in
a common aircraft industry handbook.17 A mean radius of 0.0959
in. (standard deviation of 0.0003 in.) was determined from optical
comparator measurements of 172 holes.

The force-controlled rivet installation was performed also with
a computer-controlled22 kip servohydraulic load frame equipped
with grip � xturing to accommodate a curved rivet set in the top
grip and a � at, polished bucking surface on the lower actuator. Af-
ter initial contact was made between the bucking surface and the
driven end of the rivet, the load was ramped quasi-statically(over a
period of several seconds) to the target squeeze force. Six squeeze
forces were considered in the current investigation: 2500, 3000,
3500, 4000, 4250, and 5000 lbf (11.1, 13.4, 15.6, 17.9, 19.0, and
22.4 kN, respectively).

Two sets of data were collected from these series of experiments
for purposes of model veri� cation. First, both applied force and
bucking bar displacementwere tracked and recordedduring the riv-
eting process, identical to the data collectedduring the compression
tests. However, these data allowed for direct comparison with the
force history and displacement response of the rigid bucking sur-
face in the � nite element model, a comparison used to determine
the appropriate set of rivet material hardening parameters.

To this end, a series of numerical trade studies involving the
baselinemeshwereperformedwith a rangeof hardeningparameters,
as presented in Fig. 6. The hardening behavior was implemented in
the model by providing a tabular listing of the points on the plot,
with ABAQUS using linear interpolation for values between the
points. Isotropichardeningwas assumed for both the rivet and plate
material.

As shown in Fig. 6, for compressive strains under 10%, the pa-
rameters generated from the compression tests of the billets of rivet
material were used.To determine an appropriatematerial model be-
yond this range of strain, Fig. 7, which compares both experimental
and numerical force-de� ectionhistoriesof the interfacebetween the
tool (buckingbar) andworkpiece(drivenrivethead)was used.Based
on these results, values of C =80 ksi (551 MPa) and m =0.15 were
chosen. This choice is supported further by the excellent numeri-
cal agreement with experimental data generated at higher squeeze
forces (see Fig. 8). A complete summary of the material properties
used in the subsequent analyses is provided in Table 1.

In further validating the model, three rivet/hole locations were
selected randomly and extracted carefully from the plates after rivet
installation.Each of these samples was then sectionednear the sym-
metry plane of the rivet with a diamond saw and mounted in a
bakelite disk. A series of � ne polishing and measurement steps of
the cross section followed, as suggested by Müller, to obtain the
dimensions of the rivet/plate assembly at its plane of symmetry.2

Table 1 Summary of the elastic and plastic properties used
for both the plate and rivet material

Parameter Value

Young’s modulus of plate 10.5 £ 106 psi (72.4 GPa)
Poisson’s ratio of plate 0.33
Initial yield stress for plate 40 ksi (276 MPa)
Slope of linear hardening curve for plate 2.5
Young’s modulus of rivet material 10.4 £ 106 psi (71.7 GPa)
Poisson’s ratio of rivet material 0.33
Initial yield stress for rivet 24 ksi (172 MPa)
Hardening parameters for rivet, C = 79 ksi (544 MPa), m = 0.23

0.02 · ²true · 0.10
Hardening parameters for rivet, C = 80 ksi (551 MPa), m = 0.15

0.10 < ²true · 1.0

Fig. 7 Experimental force-de� ection history, with Pmax = 3000 lbf
(13.4 kN), compared with results from the � nite element model.

Fig. 8 Comparison between experimental and � nite element force-
de� ection responses for the riveting bucking bar during the installation
process with a squeeze force of 4250 lbf.

A photograph of a sectioned assembly with an overlay of a corre-
sponding deformed � nite element mesh is presented in Fig. 9, along
with comparisonsof measured and � nite element values for several
geometric characteristics of installed rivet con� gurations for two
squeeze forces (Table 2).

The large difference between the � nite element predictions and
measured expansions of the hole should be interpreted carefully
in light of the standard deviation of the hole diameters [600 l in.
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Table 2 Comparison between � nite element
predictions and measurements of various geometric

characteristics of installed rivets for two squeeze forces

Difference,
Con� guration FEM Exp. %

P = 3000 lb
Expansion at A, in. 0.0002 0.001 ¡ 80
Expansion at C , in. 0.0015 0.002 ¡ 25
Dmax , in. 0.2353 0.238 ¡ 1.1
H , in. 0.1202 0.124 ¡ 3.1

P = 4000 lb
Expansion at A, in. 0.005 0.009 ¡ 44
Expansion at C , in. 0.0042 0.005 ¡ 12.5
Dmax , in. 0.2545 0.259 ¡ 1.7
H , in. 0.0999 0.101 ¡ 1.1

Fig. 9 Deformed � nite
element mesh superim-
posedoverapolishedsec-
tion at and around an
installed rivet/plate as-
sembly. The dimensions
referred to in Table 2 are
de� ned in this � gure.

Fig. 10 Visualization of the axisymmetric re� ned mesh used in the
� nite element modeling of the rivet installation process.

(15 l m)] and accuracy of the optical measurement [approximately
750 l in. (20 l m)]. That is,as both the � niteelementandactualradial
deformations along thickness of the hole are on the order of these
sourcesof variability, the quoted differencevalue is highly sensitive
to these factors. Note that the differencebetween the � nite element
and measured values for the large-scale deformations (maximum
head diameter and head height) display a much better agreement
with the model results.

Model Results

With a high degree of con� dence in the model established, con-
clusions about the residual stress � eld induced by rivet installation
and its potential impact on subsequentfatigue crackingcan be made
by interpreting the model results. For this purpose, a re� ned mesh
(Fig. 10) was used to capture better the deformations and residual
stresses near the area between both the driven head and plate edge
and through the thickness of the hole. No appreciable difference
in either the hole expansion values or force-de� ection histories ex-
isted between the baseline and re� ned models, pointing toward nu-
merical convergence of each model. Figures 11–13 present model
results for a range of maximum squeeze forces (2500, 3500, and

4250 lbf). Included in Figs. 11–13 are contoursof radial, tangential,
and von Mises residual stresses; a pro� le of expansion of the hole
edge through the thickness of the plate; and a deformed mesh after
unloading,highlighting the con� guration of the driven head.

In comparing the radial residual stresses r 11 , an indicator of the
residual interferencebetween the rivet and plate, two features stand
out. First, as expected, the magnitude of the compressive residual
stresses increases with squeeze force, with greater expansion of
the rivet against the hole interface. Second, and more important,
is the variation of the magnitude of the radial stresses (and hole
expansion, as re� ected in the results) through the thickness of the
plates. Recall the earlier comment that most models of riveted joints
account for only an arti� cially induced level of uniform through-
thickness interference.

Similar conclusionscan be drawn from the contoursof tangential
residual stress. Note that it is this hoop stress r 33 that can have a
marked impact on the propagation of fatigue cracks that nucleate
at either the edge of the rivet hole or the faying surfaces of the
plates. As with the radial residual stresses, the contours of residual
hoop stress exhibit both a variation in the thickness direction and a
dependenceon maximum squeeze force.Of particular interest is the
zone of compressive residual stress at the edge of the hole near the
driven head. At � rst, the compressive nature of this residual hoop
stress might seem to con� ict with the notion of hole expansion.The
presence of this area of compressive hoop stress can be explained
qualitatively, though, by looking at the yielding behavior of the
material in the absence of stress in the thickness direction, r 22.
According to the Tresca criterion,

j r 11 ¡ r 33 j · r y (1)

As the rivet expandsagainst the hole and the interfacialcontactpres-
sure exceedsthe yieldpoint of the material (r 11 < ¡ r y ), the material
deforms in such a manner as to force r 33 < 0. Such a compressive
residual hoop stress is often induced around rivet holes prior to riv-
eting by cold working the hole with an expandingmandrel, with the
goal of retarding the growth of fatigue damage that may nucleate in
the material at and around the hole.

As displayed in the contours of the residual hoop stress, the size
and magnitude of the compressive zone increases with increasing
maximum squeeze force. In maintaining the compatibility of the
material in the hoop direction, however, this compressive zone is
balanced by an area of tensile stress away from the hole periphery.
As exhibitedin thecontours,a regionof tensilehoopstress is present
beyond the compressive region in the lower sheet.

The location of this tensile zone becomes critical when consider-
ing the nucleationand subsequentpropagationof fatigue cracks that
nucleatenotat the rivet/hole interface,but at the fayingsurface,away
from the hole periphery.Note that an increasingmaximum squeeze
force not only pushes the zone of tensile stress away from the hole
periphery, but also results in a larger driven head size. In spite of
these large driven heads, none of the cases analyzed resulted in ap-
preciablelevelsof residualclampingpressurethroughthe thickness.
This � nding is contrary to that of Müller2 for a slug-type rivet, with
a driven head on both ends, but consistent to modeling results by
Fawaz.18

Althoughthedriven rivetheadinducesno inherentclampingpres-
sure while the joint is unloaded, larger driven heads can provide
increased clamping resistance as load is applied to the lap splice
and localized out-of-planedeformationoccurs in the vicinity of the
rivet. Thus, from the earlier discussionof the dual-mode load trans-
fer mechanism, largerdrivenheadsproducedby high squeezeforces
would result in a largerpercentageof load being transferredvia fric-
tionat the fayingsurface.The resultingincreasedintensityin contact
stresses at the interface also increases the potential for nucleation
of fatigue damage away from the hole periphery, closer to the zone
of tensile hoop stress. Thus, higher squeeze forces offer the ability
to improve fatigue performance by retarding the growth of cracks
from the hole edge,while increasingthe potentialfor nucleationand
accelerated propagation of faying surface fretting fatigue cracks.

Figure 14 solidi� es a quantitative link between rivet process pa-
rameters and fatigue performance by presenting fatigue lifetimes
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Fig. 11 Results from a � nite element analysis with re� ned mesh for a maximum squeeze force of 2500 lbf.

Fig. 12 Results from a � nite element analysis with re� ned mesh for a maximum squeeze force of 3500 lbf.

of 12 single-lap joints manufactured with varied and controlled
squeezeforcesand tested to failurein a separatestudy.4 As shouldbe
anticipated, fatigue life decreased with an increase in applied load.
In addition,joint life increasedwith largermaximumsqueezeforces.
Whereas part of this difference in life must be attributed to the com-
pressive residual stresses induced by the increased hole expansion
associated with the higher squeeze force, a second potential source
is revealed by comparing the nature of the faying surface damage

reportedby Szolwinski et al. in a summary of observationsfrom the
lap joint tests4: The joints manufacturedwith higher squeeze forces
showed distinct signs of fretting wear debris on the faying surface
near the rivet hole, whereas the faying surface of the joints riveted
with lower forces exhibited no signs of such damage.

As conjecturedearlier, this characteristicdamage providesdirect
evidence of the impact that the riveting process parameters have
on the load transfer mechanism in the joint: Larger driven heads



136 SZOLWINSKI AND FARRIS

Fig. 13 Results from a � nite element analysis with re� ned mesh for a maximum squeeze force of 4250 lbf.

Fig. 14 Summary of single-lap joint fatigue tests results; observed cy-
cles to failure for each test plotted againstthe riveting process parameter
and applied bulk stress.

provide increased clamping constraint at the faying surface leading
to an increased amount of frictional load transfer (and fretting fa-
tigue damage) at this interface. Juxtaposing an assessment of these
residual stresses with � nite element models of single lap joint riv-
eted structures have provided insight into the state of cyclic stress
and strain responsible for the nucleation of fretting fatigue damage
at and around the rivet/hole interface, an effort beyond the scope of
this paper. This quantitative assessment of the localized conditions
has been used successfully with a fatigue life parameter to predict
the fatigue performanceof riveted single-lap joint structuresmanu-
factured under controlled conditions.4,19

Conclusions
A � nite element model of force-controlled rivet installation has

been formulated in a commercially available analysis package and
veri� ed with a series of well-characterized experiments. Results
from this analysis reveal a distinct through-thickness dependence

of the residual stress � eld, contrary to assumptions prevalent in the
literature and critical to understanding the nature of fatigue crack
nucleationand propagationaround the rivet/hole interface. Further-
more, the model has established a conclusive link between rivet
process parameters and the nature of the resulting residual stresses.
Of particular interest is the distribution of hoop stress associated
with high squeeze forces (or increased hole expansion): A zone of
compressive residual hoop stress dominates the area near the hole
periphery, whereas a zone of tensile residual hoop stress pervades
an area away from the hole. These zones of residual hoop stress can
have a profound impact on the propagation of fatigue damage that
nucleates at both the rivet/hole interface or faying surface.
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