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The paper deals with the analysis of residual stress ﬁelds in the riveted joint and the estimation of the
internal stress magnitude releasing by partial and complete removing of the rivet material. Stress relieving
causes deformations around the rivet hole, which can be measured and compared to the deformation state
before removal. Numerical FE simulations of the upsetting process are carried out to determine the
residual stress and strain ﬁelds. The contact with friction is deﬁned between the mating parts of the joint.
Non-destructive testing methods are used in combination with numerical calculations.
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1. INTRODUCTION
Aircraft structures, like airplane or helicopter fuselages, wings etc. are thin–walled structures, with
coverings made of thin sheets stiﬀened by stringers, frames or ribs. Sheets are typically assembled
by multiple riveted or bolted joints. Rivets and bolts are also used to join sheets and stiﬀeners.
Therefore, fatigue resistance of the aircraft structure depends on tens of thousands or even hundreds
of thousands riveted joints, which are used to build it [1].
Thin-walled constructions are made of metal sheets or composite covers. Aluminium or titanium
alloys are commonly used in aviation. The aluminium alloy 2024T3 is considered in the paper.
The riveted joints are critical areas of the aircraft structure due to severe stress concentrations,
plastic strain, secondary bending and eﬀects such as surface damage (fretting wear). These phenomena cause initiation and propagation of fatigue crack and decrease fatigue resistance of the riveted
joint [1, 2].
The residual stress (locally exceeding the yield stress level) and plastic strain states are generated
in the joint after the riveting process. Residual stress can be deﬁned as the stress state that remains
in a part of the structure after all applied forces have been removed. Thermal and mechanical
processes like heat treatment, hot or cold rolling, riveting etc. exert an inﬂuence on the level of
residual stresses. The total stress experienced by the material at a given location within a structural
component depends on the residual and applied stress. Residual stress ﬁelds are widely accepted
to have a signiﬁcant inﬂuence on fatigue life of riveted joints. Compressive residual stress can be
beneﬁcial because it tends to decrease the probability of stress corrosion and fatigue cracking [3–5].
Veriﬁcation of numerical model requires experimental measurement in order to estimate actual
stress distribution within a structural component. Stress is a complex tensor ﬁeld that cannot be
measured at a point, but over a ﬁnite gauge volume. Furthermore, residual stresses cannot be
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measured directly, instead they can be calculated from other physical quantities like elastic strain,
displacement, speed of sound or magnetic signature.
Measurement techniques can be divided into destructive and non-destructive ones. The destructive techniques are based on inferring the original stress from the displacement caused by relieving
the stress due to material removing i.e. layer removal and contour method [6]. Non-destructive
methods allow to measure some parameters related to the stress such as: elastic strain of atomic
lattice planes (X-ray diﬀraction), magnetic properties, speed of sound, temperature etc. Conventional X-ray diﬀraction is limited to the depth of 5 µm so it is often applied in combination with
destructive layer removal.
The paper deals with the numerical analysis of stress distribution in the neighbourhood of a driven
rivet head before and after rivet material removal.

2. NUMERICAL MODEL
Analysis is carried out for a single lap riveted joint. The specimens are made of thin aluminium
sheets connected by six mushroom rivets. The sheets are made of 2024T3 aluminium alloy and the
rivet is made of PA25 alloy.
Materials used in riveted joints are subjected to high-strain deformation (plastic deformation).
Mechanical tensile and compressive testing is required to determine mechanical property data. The
sheet material (2024T3) is tested for a typical ﬂat specimen (in PN-91/H-04310 standard). Tensile
and compressive tests are performed also for the “rivet” sample. The average material properties
obtained in laboratory tests are shown in Table 1.
Multilinear elasto-plastic true stress-logarithmic strain curves [7] (used in numerical calculations)
for the rivet and sheet alloys are presented in Fig. 1.
FE simulations of the upsetting process are carried out using the MSC Marc code. The square
part of sheets 10.5 mm wide surrounding a single mushroom rivet (shank diameter r = 3.5 mm)
is considered. The local model geometry consists of three solids: a rivet and two sheets (Fig. 2),
whereas FE mesh contains about 90 thousands eight-node, isoparametric, three-dimensional brick
elements (type Hex8) with tri-linear interpolation function [7].
Table 1. Material properties

Young modulus
[MPa]
68000
71000

Material
Sheet (2024T3)
Rivet (PA25)

Poisson ratio
[-]
0.3
0.33
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Ultimate stress
[MPa]
460
424

(b)
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Fig. 1. Elasto-plastic stress-strain curves: (a) sheet, (b) rivet
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Fig. 2. Local model of riveted joint

The outside edges of the sheets are constrained in the normal direction so that the model describes
a part of the multi-riveted joint. The rounded and ﬂat rivet tools are assumed to be rigid surfaces.
The rounded (lower) tool is ﬁxed and the ﬂat (upper) one is moved a given distance down.
The two load steps: the rivet squeezing (press and unloading) as well as partial and complete
removing of the rivet material are studied.
The magnitude of the yield stress and tensile strength are obtained from uniaxial test and the
yield value for the multiaxial state is calculated using the von Mises criterion. The classical updated
Lagrange formulation (with large strain plasticity option) for elastic-plastic materials is used due
to large geometrical and material non-linearities.
Contact (node-to-surface type) with friction is deﬁned between the mating parts of the joint
(7 areas in contact). The Coulomb model with trial friction coeﬃcient µ = 0.2 is used. This value
has a signiﬁcant inﬂuence on the shape of the driven rivet head [8]. During riveting the relative
sliding between the rivet and the sheets is rather small. The penalty method is applied to numerical
implementation of the contact constraints. Iterative penetration checking approach allows to change
the contact condition within the Newton-Raphson iteration loop. Using this procedure, the iteration
process is done simultaneously to satisfy both the contact constraints and global equilibrium using
the Newton-Raphson method. This procedure is accurate and stable, but may require additional
iterations.

3. SIMULATION OF RIVETING PROCESS
The local model is used to determine the residual stress and strain ﬁelds at the mushroom rivet
and around the hole after riveting process as well as the resulting ﬁelds after partial and complete
removing of the rivet material.
Deformation of the rivet are presented in Fig. 3. Nominal rivet head diameter is equal to 5.2 mm
and its height achieve 1.8 mm (for 3.5 mm of rivet shank diameter).
Irreversible plastic deformations of the sheet material around the rivet hole (Fig 4) remain after
the riveting process as a result of the rivet shank swelling in the hole. Strain concentrations occur
under the driven rivet head and achieve maximum value 3.6%.
The absolute values of stresses in the upper sheet (from the side of the formed rivet head) are
about 25% greater than corresponding values in the lower sheet (Fig. 5a). The extreme negative
value of the radial stresses occur at the rivet hole (under the rivet head) and is equal to −452 MPa.
After the rivet removal it decreases to −157 MPa (Fig. 5b).
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Fig. 3. Rivet deformation



















































Fig. 4. Residual plastic strain ﬁeld
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Fig. 5. Residual radial stress ﬁeld: (a) after riveting, (b) after rivet removal

4. RESULTS OF RIVET MATERIAL REMOVING
Non-destructive testing method (X-ray diﬀraction) is used for validation of numerical results. Comparison between numerical and experimental results for the sheet region a bit further from the
driven rivet head gives a satisfactory agreement (Fig. 6). Points p1, p2 and p3 represent the radial
stress values obtained by X-ray measurement [3]. Stress assessment in the sheets around the hole
under the driven rivet head involves application of conventional X-ray diﬀraction in combination
with destructive layer removal method. Deformation and stress states calculated numerically are
presented in the paper and they will be compared with values measured in the specimen.

Numerical estimation of internal stress relieving in destructive test



189



UDGLDOV WUHVV>03D@






S
S
S
FDOFXODWLRQV






ULYHWKHDG














UDGLDOGLVWDQFH>PP@

Fig. 6. Numerical and experimental results comparison
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Fig. 7. Stress distribution vs. radial distance from the hole: (a) radial, (b) hoop, (c) axial component
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Residual stress values versus radial distance from the hole are compared with resulting stresses
after the partial (driven head only) and complete removal of the rivet material (Fig. 7).
The radial stress component is especially sensitive to rivet removing. Stress absolute values
change (decrease) about 30% after half of rivet head removal, 40% after rivet head removal and
consecutive 20% after the entire rivet removal.
The absolute values of the hoop stress component increase about 20% as a consequence of rivet
removing and simultaneous decreasing of the rivet hole radius. Head material removing doesn’t
cause large changes in the hoop stress ﬁeld.
The axial stress component variations take place only under the rived head and are proportional
to the amount of rivet material removed.
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Fig. 8. Strain evolution vs. sheet axial distance
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Strain evolution of the rivet hole after riveting process and during rivet material removing are
presented in Fig. 8.
The radial component of residual strain is negative (it corresponds to radial compression) and
during material removing the absolute value of this component is decreasing. The hoop component
is positive (tension in hoop direction occurs) and it also decreases after rivet material removal. The
axial component of residual strain is negative and its absolute value decreases to zero.
Radial displacement of the rivet hole after riveting process and during rivet material removing
are presented in Fig. 9. After riveting the radial displacements of the rivet hole are 0.01 mm on
the average. Head removing causes increasing of this component to 0.015 mm however whole rivet
removal decreases it down to 0.005 mm.
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Fig. 9. Hole deformation vs. sheet axial distance

5. CONCLUSIONS
Numerical results are very sensitive to the used materials and the FE mesh parameters. If the
element size is too large or the element shape is not appropriate then node penetrations in the
contact area and non-physical stress concentrations occur in the riveted joint [2]. The analysis of
stress and strain ﬁelds with respect to the mesh density and the element shape is presented in
paper [8].
In the area of structure modelling some solutions to the problem connected with destructive
test in riveted joints are proposed. The inﬂuence of the material removal on the resulting stress
ﬁelds is analysed. Numerical simulations allow to investigate the stress and strain state in the joint
during the riveting process and the service loading. The stress and strain ﬁeld can be presented in
the neighbourhood of a contact interface, where experimental detection and measurement is very
diﬃcult and expensive.
The radial stress component is very sensitive to rivet material removing, especially for the selected boundary conditions. Although radial stress absolute values decrease monotonically to 30% of
residual stress after the entire rivet removal the head material removing doesn’t cause large changes
in the hoop stress ﬁeld.
Radial deformation tends to increase during head removing and decrease after entire rivet removal. Deformation and stress states calculated numerically will be compared with values measured
in the specimen.
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