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Abstract: In a previous work, the fatigue behaviour of different hot riveted joints under fatigue
loadings were experimentally calculated. In particular, the experimental data showed a Wohler
curve slope close to five against the slope of three proposed by Eurocode 3. However, two series
of shear splice riveted joints showed, at two million cycles, a stress range very close to the value
suggested by Eurocode for shear splices that use non-preloaded high-strength bolts. In order to clarify
the fatigue behaviour of riveted joints at high- and medium-fatigue regimes, this paper presents
a preliminary three-dimensional non-linear FE analysis of a double-riveted lap joint previously
analysed experimentally. Different friction coefficients and rivet clamping stress have been taken Into
account, as well as the elastoplastic behaviours of the main plate subjected to tensile loadings. The
numerical analysis shows that the friction force tends to reduce the range of stresses at the net section
during fatigue loadings, and the force distribution or the stress concentration on the rivets is always
critical for the external rivet, which is also the case regarding the non-linear behaviour of the material.
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1. Introduction

The fatigue behaviour of riveted components is a matter of interest for steel bridges
built in recent decades [1-3]. The work of DiBattista et al. [4] compared the fatigue be-
haviour of many riveted joints with representative international standards [5-8]. They
emphasised the fact that new riveted steel structures have not been constructed in North
America for several decades, so their fatigue life behaviour has received less attention
than structures with fastening elements like bolts and welds. On the other hand, they also
emphasised that the behaviour of riveted components remains a matter of considerable
economic importance to owners and regulatory authorities. It is obvious, in fact, that the
life of the large stock of riveted bridges that still exist must be extended, while maintaining
a satisfactory level of safety [9-13].

In a previous paper [14], three series of steel riveted joints were experimentally anal-
ysed in order to obtain the fatigue behaviour of new riveted connections. In particular, two
curves refer to symmetric double-riveted joints (splice joints), and the third curve refers
to a partially joined connection, where the main plates are joined together by means of
two L-shaped angles. For symmetric double joints, the slope of the Wohler curve k was
around 5.0, against the k = 3.0 value of Eurocode 3. This is probably mainly due to the
prevailing incidence of the fatigue crack initiation phase with respect to the fatigue crack
propagation phase. In all experimental tests, failure always occurs in the main plate at
the external rivet, and the crack path agrees with the net section of the plate subjected to
nominal tensile loadings. In fact, this behaviour agrees with the experimental evidence
underlined by DiBattista et al. [4] that most fatigue failures are related to the connected
material and not to the rivet itself. Thus, the designer must consider the size of the hole
relative to the main plate width, the technological details of the forming of the hole, and
the clamping force provided by the rivets.

Recently, de Jesus et al. [15] and Maljaars et al. [16] presented a model based on a
two-stage fatigue strength prediction for hot riveted double-covered butt joints. For crack
initiation, they used the concept of low-cycle fatigue, such as the Basquin-Coffin-Manson
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strain-life curve with mean stress correction according to Morrow, and for following the
crack growth phase, they considered the classic linear elastic fracture mechanics [17-19].
The Wohler curve is predicted numerically and takes into account the clamping stresses and
friction. However, more generally, the fatigue behaviour of the joints could be evaluated by
means of so-called local approaches such as the Theory of the Critical Distances [20,21], the
Strain Energy Density Method [22-25], or the Implicit Gradient approach [26,27]. These
approaches require the stress state and its gradient to be known in order to perform a
fatigue assessment of the specimens or the components, provided that the initiation phase
is predominant with respect to the fatigue crack growth phase.

In the case of an aircraft skin structure made of 2024-T3 Alclad sheets, Skorupa et al. [28]
analysed experimentally and numerically a triple-row riveted lap joint. The fatigue initiation
may occur in a different place: the edge of the rivet hole on the faying surface; the sheet
surface below the rivet driven head; and the faying surface at a distance from the hole and
bore of the hole. A major conclusion of their works was to underline that for extremely
complex determinants of a frictional load transfer, their effect on the fatigue behaviour of
riveted joints can only be predicted using a semi-empirical approach. In this context, the
simplified model proposed in references [29-31] allows us to simulate the stiffness of a
riveted junction in a simplified way and then predict the fatigue life.

This paper focuses on a double-cover riveted joint subjected to fatigue tensile loading
that has previously undergone experimental analysis. A preliminary stress analysis was
performed by means of the three-dimensional FE code in order to quantify the effect of
friction, clamping stress, and nominal tensile stress on the stresses and force balance of the
main plate at high- and medium-fatigue regimes.

The remainder of this paper is organised as follows: in Section 2, the geometry of
previously investigated symmetric double-riveted lap joints is taken into account as well
as the type of fatigue test; in Section 3, the fatigue life of the joints is discussed; and in
Section 4, the numerical analysis and the related results are presented.

2. Geometry of the Riveted Joints and Fatigue Test

Figure 1 shows the geometries of the double symmetric lap joint considered in this
numerical analysis (for more details, see ref. [14]). The main plate thickness was 15 mm
with a width of 60 mm. The main plate and the cover were made of structural steel S355,
having, according to EN 10025 [32], a minimum yield stress of 355 MPa and ultimate stress
ranging from 490 to 630 MPa, respectively.

260

Figure 1. Geometry of the symmetric double-riveted lap joints (size in millimetres).

A standard procedure was used for the finishing of the surface. This consisted of the
preliminary degreasing and sand blasting of the surfaces. After that, a uniform coating
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was applied against corrosion. Then, the holes were drilled. By imposing a sinusoidal
wave shape and a nominal load ratio of R = 0, the fatigue test was performed for a nominal
tensile load at a constant amplitude. The tests ended when the connected parts completely
separated. Figure 2 shows the typically failure of the specimen under fatigue loading.
All failures were located at the external riveted edge regardless of the load level. The
crack propagates perpendicular to the longitudinal axis of the joints. During the test, the
maximum and minimum displacements were registered so that the stiffness was monitored
during the tests. Regarding the crack propagation phase, crack nucleation life prevailed in
all instances because the stiffness was clearly variable only in the last phase of the test.

Figure 2. Typical failures on the joint net sections (nominal tensile stress range in the net Section
240 MPa; cycles to failure 109,000, size in millimetres).

3. Fatigue Life of the Joints

Table 1 summarises the fatigue results relating to the constant amplitude axial loading
of the joints in Figure 1. The statistical analyses of the experimental data are given in terms
of the stress amplitude, and Acyom 50% (50% survival probability) and Acyom 97.7% (97.7%
survival probability) referred to the net area of the section. Slope k of the Wohler curves and
the statistical parameter T,; are also shown. T,; represents the ratio oyom,10% and Tpom 97.7%
and gives the scattering of the experimental data. The T, value is very close to 1.50 of the
Haibach unified scatter band for steel-welded joints. Figure 3 reports the Wohler curve of
the specimens.

Table 1. Fatigue strength data, all referred to the main plate net section.

. Ao'nom,s()%
Series N =2 % 10 k Ty
B 131.7 4.9 1.53

The fatigue strength values analysed under the hypothesis of the log-normal distribu-
tion of the number of cycles to failure are shown in Figure 3, where the fatigue strength
value at 2 x 10° cycles and the exponent k of the Wohler curve are also reported.



Lubricants 2023, 11, 396

40f 10

1000 +
] —»  runout
. =
e experimental
®
o
=
3
o
<
. —p
132
100 S b L7
10000 100000 1000000 10000000

N Cycles to failure
Figure 3. Fatigue test results [14] (A0 0m: nominal stress range in the net section).

4. Numerical Analysis
4.1. The FE Model

In order to understand the role of stress and force in the rivetted joint in Figure 1, an
accurate three-dimensional FE analysis has been conducted. Due to the symmetry, only
one eighth of the riveted joint was considered in the numerical analysis. Figure 4 shows
the three-dimensional model used. The size of the element in the zone with a high stress
gradient was around 0.5 millimetres. This value was assumed after a convergence analysis
on the peak stresses in the net section, on the rivet forces, and on the force due to the
shear stress on the contact surface between the plate and the cover. The forces and the
peak stresses were substantially constant for a mesh size ranging between 0.25 and 2 mm.
Contact elements were used to simulate the contact between the rivet and the plates as
well as the contact between the main plate and the cover. When friction was considered
in the analysis, only the contact between the heat of the rivet and the cover, including the
plate-cover contact, had a friction coefficient different from zero. The clamping force was
introduced by imposing a range of temperatures on the two rivets, and the temperature
was adjusted to obtain a tensile stress of about 50 MPa or 100 MPa in the net sections of
the plate. A thermal expansion coefficient of 1.2:10~> °C~! was assumed. The riveted
connection is modelled with a radial gap of 0.01 mm between the rivet shank and the hole
of the main plate or the cover.

Figure 4. Mesh and boundary conditions in FE analysis (1 displacement).
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The first analysis considers a linear elastic material. For this reason, the nominal stress
in the gross section was considered to be 90 MPa. This value imposes a nominal stress in the
net section of 135 MPa close to the fatigue strength Acyom 509 of the joints at 2 x 10° cycles.
As reported in Figure 5, the time history simulates the fatigue of the first two cycles: the
first loading and unloading as well as the second loading. The stress was analysed at the
second loading (time 3), and the stress range was evaluated between the second loading
and the following unloading.

Onom

Onom

L 4

1 2 3 time

Figure 5. Nominal load history at the gross section.

Table 2 resumes the parameters used in the FE analysis.

Table 2. Parameters used in the FE analysis.

E [MPa] 206,000
v 0.3
oy [MPa] 355
Friction coefficient 0.15; 0.3; 0.45
Clamping stress [MPa] 50; 100
Onom [MPa] 135 = 240
In large part 3D quadratic elements with 10 nodes
Element type aid%D quac?ratic elements with 20 nodes
Number of nodes ~350,000
Number of solid elements ~240,000
Number of contact elements ~47,000
4.2. Results

Figure 6 repots a typical result of stress for a tensile stress of 135 MPa in the net section.
The longitudinal stress oy is higher at the external rivet, while the contact pressure has a
similar trend on the two holes but with a higher average value at the external rivet. In
fact, Figures 7 and 8 report the partition coefficient of the forces evaluated for a tensile
stress of 135 MPa in the net section. This coefficient is defined as the percentage of the force
with respect to that applied in the gross section. The forces are calculated by means of an
integral of the FE data. The integral was evaluated for the contact pressure between the
shank rivet and the main plate as well as for the shear stress on the surface between the
plate and the cover. The friction coefficient and the clamping force strongly influence the
distribution of the acting forces on the main plate. Concerning the stress concentration
factors of the longitudinal stress oy, Figure 9 shows its trend as a function of the friction
coefficient. As the friction force on the contact surface increases, the stress concentration on
the two holes decreases.
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Figure 6. Longitudinal stress oy (a) and contact pressure (b) for a nominal stress in the net section of
135 MPa (time 3, linear elastic material).

100 clamping stress 50 MPa

rivet 1

rivet 2

20 -

partition coefficient [%]

0 0.1 02 03 0.4 05
friction coefficient

Figure 7. Force on the main plate in terms of the partition coefficient on the main plane (nominal
stress in the net Section 135 MPa, linear elastic material).
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Figure 8. Force on the main plate in terms of the partition coefficient (nominal stress in the net Section

135 MPa, linear elastic material).
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Figure 9. Stress concentration factor for oy on the main plate evaluated for nominal stress in the net
Section 135 MPa (linear elastic material).

The frictional force also influences the range of stress oy evaluated between time 3 and
4 by considering a nominal stress range in the net section of 135 MPa (see Figure 10). So
that the friction stress influences the local average stress during the fatigue loading and the
local stress ratio is different from the nominal one.
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Figure 10. Stress range concentration factor for oy on the main plate for the external rivet evaluated
for nominal stress of 135 MPa in the net section (linear elastic material).

Finally, the non-linear behaviour of the material is considered in Figure 11. An elastic—
perfectly plastic material was taken into account with von Mises yield criterion. The
nominal stress in the net section is incremented up to the maximum value imposed in the
experimental analysis (240 MPa in the net section, see Figure 3). In the case of linear elastic
material, the maximum stress range at point A is conditioned by friction force; however, for
non-linear material, when the nominal stress increases, the effects of friction are partially
removed by the non-linear behaviour of the material. In the unloading phase, a linear
elastic behaviour is shown by the material, and the stress range tends to the theoretical
value that could be obtained without considering the friction effects. This effect depends
on the level of maximum nominal stress in the net section. In other words, the friction
influences the stress range to a greater extent at high-cycle fatigue than at low-cycle fatigue.

3 -

friction coefficient
. 251 0.15 ._______—:————————4"5
8 0.30 .
= 045 "
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-
J
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c
2 154
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o
(¥
@
I ‘
[l
g A
'E 03 T 1 T
0 4 : !
100 150 200 250

net section nominal stress [MPa]

Figure 11. Stress range concentration factor for oy evaluated for clamping stress of 50 MPa on the
main plate in the external rivet (non-linear material; A in the net section).
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5. Conclusions

In this paper, on the basis of three-dimensional numerical analysis, it can be concluded
that the force distribution or the stress concentration on the rivets is always critical for the
external rivet. This is also confirmed in the case of the non-linear behaviour of the material.
Furthermore, the friction coefficient influences the maximum stress as well as the range of
stress in the main plate. However, the effect of the friction force tends to reduce the range
of stresses at the net section during fatigue loadings, while the non-linear behaviour of the
material tends to reduce this effect when the nominal stress increases.

Funding: This research received no external funding.
Data Availability Statement: The author does not have permission to share data.

Conflicts of Interest: The author declare no conflict of interest.

Nomenclature

E elastic modulus

k slope of the Wohler curve
N cycles to failure

v Poisson’s ratio

Onom hominal stress

oy yield stress

A range

o stress component
Ty scatter index

u displacement
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