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Abstract: This research deals with the fatigue behavior of 200 small single lap multiple-riveted joint
specimens, widely used for aeronautic structures. The tests were performed with three different levels
of stress with stress ratio R = 0.05; three levels were set: 90 MPa, 120 MPa and 160 MPa. The fatigue
life and critical crack size for all tested specimens were analyzed. According to the results’ analysis,
two types of fracture, through-hole and in proximity of the hole, were observed, depending on the
level of stress: the higher the applied stress, the more through-hole cracking. Indeed, under the
fatigue load with a stress level of 90 MPa, less than 30% of specimens showed cracks propagating
through the hole, while, at the stress level of 120 MPa, the percentage reaches 36.3%. At the stress level
of 160 MPa, 100% of specimens failed through the hole. Moreover, aimed to use experimental data for
probabilistic methods, a statistical analysis was performed according to the Anderson–Darling test.
This method allowed the analysis of the datasets, in terms of both fatigue life and critical crack size,
providing information about the best distribution function able to fit experimental results.
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1. Introduction

Nowadays, several jointing techniques can be used to assemble structural components. Specifically,
they can be classified into two main groups: fixed, such as welded, brazed, soldered, bonded,
bonded-bolted and riveted joints and removable ones, such as bolted joints [1].

Belonging to the former, riveting is the most widely used technique for the assembly of laminar
structures in the aeronautical field, where the lightness of the structures and multiple spot connections
are required. Moreover, the rivets used for aircrafts also preserve the aerodynamic characteristics
of the surfaces. Research activities are mainly addressed to investigate the structural behavior of
riveted joints under quasi-static [2], such as tensile, compressive, shear and bending loads and
dynamic [3,4], such as fatigue, impact, vibration, etc., loading conditions. Concerning the former
studies, with respect to fatigue life prediction, more reliable prediction models, usually based on
the Finite Element (FE) method, were proposed to achieve information about riveted joint strength,
their load-bearing capability and failure mechanisms [5–7]. The need to use the FE method is due to
the complex tri-axial field of stress existing around the hole. The high stress and strain gradients are
complex to be considered in analytical solutions, but they can be considered in FE models, even if
high computational costs are needed, especially under specific loading conditions [8]. From a fatigue
point of view, more uncertainties affect the investigations, because of the higher number of variables to
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consider, such as load level and frequency, micro-cracks due to drilling operation and manufacturing
process, friction between the two fastened counterparts, etc. [9–11]. Nevertheless, some considerations
can be nowadays performed thanks to the repeatability of fatigue tests proposed in the literature,
also carried out on different materials. Most of the investigations showed that structural damages
initiate in proximity of the notched zone and propagate due to the fatigue loading conditions [12,13].
The experimental evidence shows the dependence of the fatigue life on the geometry of the jointed
parts, on the rivet geometry and type, on the hole expansion caused by the rivet and on the load
level and type [12,14]. More in detail, the complex stress distribution caused by the hole expansion
appears to have a significant influence on the crack initiation and, consequently, on the fatigue life [13].
Additionally, the different elastic spring-back of both rivets and clamped counterparts can cause fretting
fracture under specific loading conditions. Moreover, Newmann and Ramakrishan [15] demonstrated
the effectiveness of a prediction model, based on crack growth, for the fatigue behavior of fuselage
riveted lap joints. They also noticed how the portion of fatigue life spent in nucleating cracks is very
small. Other critical aspects, such as corrosion should be considered to determine the fatigue life of
such joints [12]. The fatigue behavior of riveted joints is also influenced significantly by the thermal
load, especially for applications in the aeronautical field [16]. The complexity linked to the multiple
design variables, which characterize such types of joints, gets complex the achievement of reliable
fatigue life prediction models, especially through the analytical method. As a result, they are strongly
empirical and often supported by numerical [8,9] and probabilistic methods [17]. The achievement
of reliable models represents, nowadays, an open field for the research community, since they could
be used by designers for the improvement of their load-bearing capability, for the assessment of the
fatigue life and for the scheduling of the inspection operations, aimed at monitoring the onset and
the cracks propagation, according to the damage tolerance design approach. Since the high stress
concentration around the fastener holes can facilitate the onset and the propagation of cracks under
fatigue loading conditions, the maximum attention is paid on the drilling operations too.

The most established fatigue criteria combine the fracture mechanics, the probabilistic and
reliability approaches. Liao et al. [13] performed experimental and numerical investigations on riveted
panels. Analytical expressions for local stress as a function of the squeezing force and coefficient of
friction were proposed, based on a response surface technique. A Monte Carlo simulation, which
integrated both squeezing force and friction coefficient variables into the models, was developed to
determine the fatigue life distribution to visible cracks. A good agreement between predicted fatigue
life and results from the experimental test was achieved. Mohammadpour et al. [9] investigated the
fatigue behavior of riveted joints in a coach peel configuration under various load ranges and ratios.
Results showed the compliance of multi-axial fatigue equations with the experimental data, in terms of
fatigue life.

Skorupa et al. [12] performed a series of fatigue tests on aluminum alloy sheet coupons with an
open hole and filled hole subjected to remote tension, pin loading and out-of-plane bending. It was
shown that the fatigue response of the open hole specimens could be predicted with a satisfactory
accuracy employing the Neuber fatigue notch factor [18]. For the filled hole specimens, considerably
longer fatigue lives were observed than for the open hole specimens under the same type of loading.

Concerning the industrial context, the Detail Fatigue Rating (DFR) method [19,20], widely used
by Boeing and based on the definition of a benchmark that is the result of numerous experiments,
allows assessing the fatigue reliability of the whole structure. Starting from the knowledge of the DFR
of the analyzed (riveted) structure and the relative stress concentration factor, the method provides
important information for a preliminary dimensioning.

In this paper, fatigue tests at three different levels of stress were carried out on 200 small single
lap multiple-riveted joints, in order to find the statistical distribution of such joints in terms of fatigue
life and critical crack size. In particular, the research activity was addressed in finding the statistical
distribution function which better fits the experimental results. Different distribution types, such as
normal, log-normal, Weibull, Extreme Value, Exponential, etc., were considered.
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2. Materials and Methods

Figure 1 shows the geometry of the specimen subjected to fatigue tests. It consists of two plates
(260 mm × 20 mm × 1.2 mm sized), made of Alclad Aluminum 2024-T3 and overlapped for 60 mm.
ASNA 2050 DCJ 032-04 rivets were used. They are made of 2117-T4 Aluminum with a diameter of
3.2 mm, a length of 7 mm and without countersink. The specimens were cut out from the 1.2 mm thick
sheet in such a way that the applied axial load direction was perpendicular to the rolling direction of the
sheet. This is consistent with the most common sheet orientations in a pressurized fuselage, considering
that the hoop stresses affect axially the riveted joints. The rivet holes were drilled according to the
diameters (d) and tolerances reported in the MIL-HDBK-5J (US Department of Defense Handbook,
Metallic Materials and Elements for Aerospace Vehicle Structures, 2003) [21]. The riveting was carried
out under load control, to achieve a rivet driven head diameter to the rivet shank diameter (D/d) ratio
ranging between 1.3 and 1.6, which is a typical range for aerospace applications.
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Figure 1. Test article geometry.

The chemical composition of Al 2024 T3 aluminum is reported in Table 1 while the mechanical
properties obtained by tensile tests are reported in Table 2 in terms of yield stress σs, ultimate tensile
stress σr, Young’s modulus E and percentage elongation Z with standard deviation (S).

Table 1. Chemical composition of Al 2024 T3 (wt%).

Material Cu Mg Mn Fe Cr Si Ti Zn Al

Al 2024-T3 3.8–4.9 1.2–1.8 0.3–0.9 ≤0.5 ≤0.1 ≤0.5 ≤0.15 ≤0.25 Balance

Table 2. Mechanical properties of Al 2024 T3.

Material σs [MPa] (S) σr [MPa] (S) E [MPa] (S) Z [%] (S)

Al 2024-T3 296 (5.35) 426 (4.42) 71000 (2121) 13 (1.5)

The fatigue tests were carried out at the University of Naples Federico II by using an Instron 8502
servo-hydraulic test machine (Figure 2a). Two hundred specimens were tested under tensile fatigue
loads with stress ratio R = 0.05 and a frequency of 10 Hz. The load was applied perpendicularly to the
rolling direction of the plate and three different levels of stress were considered for the tests: 90 MPa,
120 MPa and 160 MPa. 100 specimens were tested at a stress level of 90 MPa, while 50 specimens were
tested for each of 120 MPa and 160 MPa stress levels. Figure 2b shows the testing machine grip system
that ensures the perfect alignment of the specimens in all directions. Since life depends strongly on the
riveting force, few preliminary fatigue tests were carried out in order to establish the global position of
the S-N curve. Successively, a low intermediate and high stress level was chosen for the tests. Life was
defined as the number of cycles leading to the failure, assuming that life consumption by crack growth
is short compared to the crack initiation period.
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In order to analyze the surface of fracture, some specimens were cut by using a low speed,
water-cooled, sectioning machine REMET MT60 and submitted to microscopic analysis. The fracture
surfaces were inspected with stereo-microscope LEICA MZ12 with a magnification of 5×.

3. Fatigue Tests Results and Discussion

3.1. Fatigue Life

Figure 3 shows the results of fatigue tests in stress (S) vs. the number of cycles (N) for the three
different levels of stress, while Table 3 reports the average and the standard deviation values of fatigue
life per each stress level. It is possible to observe that the variability of the fatigue life decreases as the
level of the fatigue load increases. For the fatigue tests carried out at the lower stress level (90 MPa),
the higher variability was found. It depends also on the number of the tested specimens, which is
twice the number of the other tests. Such results are coherent with results provided in the literature,
as in [12,15,22].Appl. Sci. 2020, 10, x  5 of 16 
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Table 3. Average and standard deviation values for fatigue life.

Load Level
[MPa]

Average Value of Fatigue Life
[103 cycles]

Standard Deviation for Fatigue Life
[103 cycles]

90 693.2 205.1024
120 231 34.1735
160 70.9 16.9139

3.2. Critical Crack Size and Location

Specimens were found to fail according to the two main modes: cracks propagating through-hole
and in the proximity of the hole, depending on the level of stress. As higher is the level of stress,
as higher is the probability of through-hole cracks.

More in detail, for the level of stress of 160 MPa, the cracks propagate predominantly through the
hole, for the levels of stress of 90 MPa and 120 MPa, cracks were found to propagate mainly closer,
but not through, the hole. Figure 4 shows the different fracture types.
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Figure 4. Crack types: in the proximity of the hole at 90 MPa (a) and at 120 MPa (b); through-hole at
160 MPa (c).

The crack location can be attributed to the clamping pressure, which forces the crack to initiate
outside the hole. By increasing the fatigue stress, this clamping pressure is increasingly overruled,
and failure is due to the effects of the bearing pressure at the rivet–hole interface. As the bearing
pressure increases with the stress level, as more significant is the role played by the notch, because
of the complex stress field in this zone. For a lower stress level, at 90 MPa, it can be observed that
only 27.2% of the tested specimens showed through-hole cracks, while the remaining 72.8% showed
cracks in the proximity of the hole. At 120 MPa, the total of specimens failed at the hole’s cross-section
increased and reached 36.3% of specimens. At 160 MPa, as anticipated, the 100% of the specimens
failed in correspondence of the hole’s cross-section.

Figure 5 shows the morphology for both failure types.
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As can be seen from Figure 5, the crack starts on the faying surface and in general on several
macro zones. The macro zones close to the rivet hole (Figure 5a) or in the middle of the specimen
cracked in proximity of the hole (Figure 5b) are initiation areas rather than initiation sites. For the
through-hole cracked specimens, the cracks did not initiate as corner cracks. This initiation behavior
agrees with that described in Wanhill et al. [23].

Another discrimination can be done by considering the crack location on the joint, as shown in
Figure 6.
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For the levels stress of 90 MPa and 120 MPa, it was observed that 93.7% and 96% of specimens,
respectively, failed in correspondence of the zone, indicated in Figure 6a. Percentage changes for the
level stress of 160 MPa, where a smaller percentage of specimens, 61.2%, failed in correspondence of
such zone, while the remaining part, 38.8%, was closer to the zone shown in Figure 6b.

This difference can be attributed to the clamping pressure, which forces the crack to initiate
outside the hole. Such clamping pressure can be different at the location shown in Figure 6a, under
the rivet head, and at the location shown in Figure 6b, under the squeezer head. Such an aspect can
be addressed also to a not uniform rivet expansion along the hole. By increasing the fatigue stress,
this clamping pressure is increasingly overruled, and the failure is induced by the bearing pressure at
the rivet–hole, leading the specimens to fail in correspondence of the hole’s cross-section.

Figure 7 shows the critical fatigue crack length values at the three different levels of stress.
The critical crack size decreases as the level of stress increases. Additionally, the average and the
standard deviation values of critical crack sizes per each stress level are reported in Table 4. It is
worth to note that the variability decreases as the level of stress increases. These results, in general,
are coherent with those provided by literature [15,22].Appl. Sci. 2020, 10, x  7 of 16 
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Table 4. Average and standard deviation values for crack length.

Load Level
[MPa]

Average Value of Crack Length
[mm]

Standard Deviation for Crack Length
[mm]

90 15.1 0.9085
120 13.903 0.5915
160 12.2564 0.448

4. Statistical Analysis: Anderson–Darling Test

In order to use the test data for setting up probabilistic methods, the experimental results should
be fitted by a distribution function. Many distribution types, such as normal, log-normal, Weibull,
Extreme Value, Exponential, etc., are available in statistics and it is very important to determine the
distribution that better fits the test data.

The Anderson–Darling test is very suitable [24] and used for application types herein presented [25–27].
It allows understanding if there are probabilities that a certain distribution could represent the analyzed
data set.

For datasets related to fatigue life and critical crack size, the following distribution types were
tested: normal, log-normal, extreme value type and Weibull. The statistical test was performed by
means of MATLAB® R2019a code.

Anderson–Darling test [28] is characterized by the statistic value A2, also called goodness of fit
statistic, evaluated by Equation (1):

A2
n = n

∫ +∞

−∞

{
Fn(x) − F0(x)

}2

F0(x)
{
1− F0(x)

}dF0 (1)

A2 is used to test the hypothesis that a random sample X1, . . . , Xn, with empirical distribution
Fn(x) comes from a continuous population with distribution function F(x), where F(x) = F0(x) for some
completely specified distribution function F0(x). Fn(x) is defined as the proportion of the sample X1,
. . . , Xn which is not greater than x.

The value A2 must be compared to its critical value A2
crit, which depends on the significance level

(α) and on the type of distribution. When the A2 value is lower than A2
crit, the supposed distribution

type describes adequately the dataset. Vice versa, the hypothesis is rejected.
Table 5 reports the values A2 related to fatigue life and critical crack size datasets. The table also

reports the values A2
crit at the significance level of 5% (α = 0.05) for each type of distribution [29].

Immediately, it is possible to observe that for the fatigue life dataset at σmax = 90 MPa there are no A2

values lower than A2
crit, so the test rejects the supposed distribution types. For crack length at 90 MPa,

there is one value of A2 that satisfies the Anderson–Darling requirements. For the other datasets,
at σmax = 120 MPa and σmax = 160 MPa, and for both fatigue life and crack size, there are at least two
conditions that satisfy the hypothesis of the Anderson–Darling test, highlighted in red in Table 5.

Usually, the test uses probability plots, in which ordered observations are plotted against their
observed cumulative frequency, to further verify the best fit. The scale of the cumulative frequency
was arranged so that a good fit (low values of A2) results in a straight line and a bad fit (high values of
A2) in a significant deviation of the plotted points from a straight line.

Probability plots of datasets are shown in the following figures: Figures 8–10 show the probability
plots for fatigue life under the fatigue loads with a stress level of 90 MPa, 120 MPa and 160 MPa,
respectively, considering normal, log-normal, extreme value and Weibull distributions. Similarly,
Figures 11–13 show the probability plot for the critical crack size. It is possible to point out that
the fatigue life dataset at a stress level of 90 MPa, as already mentioned, does not fit any supposed
distribution (Figure 8). Anyway, splitting the data set into two sub-datasets, with separation at
781,700 cycles due to higher dispersion of subsequent data (Figure 3), which represents the 20% of the
whole dataset, both fit normal distribution with A2 equals to 0.5789 and 0.5256 respectively.
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Table 5. Critical and test Anderson–Darling statistic values, A2
crit and A2, for most common distribution

types for fatigue life and crack size datasets.

Distribution Types

Normal Log-Normal Extreme Value Weibull

A2
crit α = 0.05 * 0.752 0.752

n = 100 * n = 50
0.7570.279 0.277

A2 Fatigue life
dataset

σmax [MPa]
90 3.2330 1.0595 7.2989 3.7891

120 0.4807 0.4265 2.3251 1.3094
160 0.3848 0.4388 1.4389 0.5885

A2 Crack size
dataset

σmax [MPa]
90 1.0437 1.2840 0.3496 0.3910

120 0.6990 0.7263 0.7594 0.7441
160 0.2253 0.2172 0.7299 0.6366

A2 < A2
crit * α = significance level; n = sample size

The fatigue life dataset at 120 MPa fits both normal and log-normal distributions, as observable
by probability plots in Figure 9.

At 160 MPa, the fatigue life dataset (Figure 10) fits three supposed distributions: normal, log-normal
and Weibull.

About crack size datasets, all of them seem to better fit a distribution. Dataset at 90 MPa fatigue
load (Figure 11) fits Weibull distribution, as verified by the Anderson–Darling test. Similar to the
fatigue life dataset at 90 MPa, splitting the crack size data set into two sub-datasets, with separation at
14 mm due to higher dispersion (Figure 7) of previous data (the 14% of the whole dataset), both fit
a normal distribution with A2 equal to 0.6714 and 0.7069, respectively.

Both crack size datasets at 120 MPa (Figure 12) and 160 MPa (Figure 13) fatigue loads fit normal,
log-normal and Weibull distributions.Appl. Sci. 2020, 10, x  9 of 16 
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Figure 13. Critical crack size at 160 MPa: probability plots for normal (a), log-normal (b), extreme
value (c) and Weibull (d) distributions.

Therefore, it can be concluded that fatigue life datasets at 120 MPa and 160 MPa stress levels can
fit a normal distribution, while fatigue life dataset at 90 MPa cannot be fitted to any distribution, unless
the dataset is split into two sub-datasets, both fitting normal distributions.

For critical crack size, dataset at 90 MPa fits a Weibull distribution, while datasets at 120 MPa and
160 MPa both can fit a normal distribution.

5. Conclusions

A high number of fatigue tests have performed on single riveted lap joint specimens by considering
three different levels of stress with stress ratio R = 0.05. Herein, results about fatigue life and critical
crack length were shown. As expected, both fatigue life and critical crack size decrease as the level of
stress increases.

Moreover, it was interesting to observe that two modes of cracks occurred: through the hole and in
proximity of the hole. Bearing pressure at the rivet–hole interface forces the crack to propagate through
the hole. As the fatigue stress increases, the bearing pressure increases and the crack tends to propagate
through the hole. Indeed, under the fatigue load with a stress level of 90 MPa, less than 30% of
specimens showed cracks propagating through the hole. At the stress level of 120 MPa, the percentage
increases until reaching 36.3%, while at the stress level of 160 MPa all the specimens failed across
the hole.

Finally, aimed to use experimental data for probabilistic methods, a statistical analysis was
performed by using the Anderson–Darling test in order to investigate if datasets fit a distribution function.

About fatigue life, it was observed that even if the dataset achieved for the tests at the level stress of
90 MPa does not fit any distribution, both datasets at 120 MPa and 160 MPa level fit normal distributions.

About critical crack size, the test demonstrated that dataset at 90 MPa fits a Weibull distribution
while it is possible to affirm that both the datasets at 120 MPa and 160 MPa fit normal distributions.
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