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Abstract: In this study, a numerical prediction methodology used to evaluate the fatigue life of
complex riveted aluminum alloy structures subjected to variable amplitude loads is presented. This
methodology is based on the combination of experimental fatigue tests with the structural stresses
approach to generate S(N) curves. Single-riveted specimens (Al5052-H36) with different characteristics
(rivet diameter, sheet thickness, assembly configuration) were first tested experimentally. Using a
simplified finite element model (FEM) and a probabilistic model to compute the structural stress of
these tested samples, fatigue curves for each type of failure encountered during testing (sheet metal
and rivet) with a confidence interval were generated. Of the probabilistic models that were studied, the
Stüssi model was the most effective to correlate the experimental results. The proposed methodology
was then combined with Miner’s law to predict the fatigue life of complex riveted structures subjected
to variable amplitude loading. Using the proposed methodology, satisfactory predictions of the fatigue
life of multi-rivet specimens and a structural assembly from a recreational vehicle subjected to variable
amplitude loads were obtained without the need to use a complex finite element model for the riveted
joints. The methodology proposed in this paper is efficient and quick to use, can be used for various
states of stress, and is well suited for structural or fatigue optimization problems.

Keywords: fatigue; rivet lap joint; structural stress; SN curve; numerical model

1. Introduction

Fatigue can be defined as the local and progressive damage to a structure that occurs
when a material is subjected to cyclic stresses [1]. The fatigue strength of a structure is
dictated by several phenomena related to fracture mechanics as well as the mechanical
properties of the material. In the literature, a multitude of models that aim to predict the
fatigue life of a material exists. In an industrial context, it is also relevant to take into
consideration the simplicity and speed of execution of the numerical tools used since it
allows to perform more design iterations, which is highly beneficial when optimizing a
complex structure. It is therefore necessary to consider these factors when developing a
numerical fatigue life prediction methodology to obtain an effective model that offers the
best compromise between speed and precision. In complex structures made with sheet
metal, the vast majority of fatigue failures are located at the joints between two different
sheets. One of the most common methods to join thin sheet metal is riveting. It is therefore
essential to be able to properly predict the behavior of this type of joint when analyzing
the fatigue life of complex structural assemblies. The damage accumulation approach is
currently the most widely used fatigue life prediction method in industry [2]. The approach
consists of quantifying the damage caused by each load cycle and then summing it up to
evaluate the fatigue life of the studied structure. Because of its random nature, fatigue is
a difficult phenomenon to predict. Even in a controlled experimental environment, test
results can exhibit a high scatter. It is therefore useful to use a deterministic-stochastic
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model to build probabilistic SN fields (P-S-N field), which gives a better estimate of the
fatigue life of a component. In this study, the ASTM 730 model [3], the Castillo & Fernendez-
Cateli model [4] Stüssi model [5] are compared to evaluate the most efficient one to predict
the fatigue life of complex structures. To make the most of the damage accumulation
approach, it is necessary to use an efficient way to evaluate the stress or the strain of the
studied structure. Given that a large quantity of structures is subjected to multiaxial forces,
it is important to use a fatigue model which makes it possible to model this phenomenon
when computing the fatigue of complex assembly. Several reviews in the state of the art
deal with these damage criteria [6,7]. Furthermore, many authors present a brief review
of the methodologies used to evaluate the stress of complex assemblies with a numerical
model [2,8–12]. Of these methods, the structural stress method [13–16] is based on the
calculation of stresses using the nodal forces and moments at the location of the stress
concentration with a finite element analysis (FEA). Equations (1)–(3) presented the basis of
this methodology.
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where fx,y,z and mx,y,z are the linear forces calculated from the nodes of a FEA model and t
is the sheet thickness. By using the Von Mises theorem and calculated structural stress, it is
possible to obtain an equivalent structural stress amplitude.
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In Equation (4), the term ∆τz is often neglected since it is generally considerably smaller
than the other two terms of the equation. If the amplitude of the structural shear stresses
is less than one-third of the normal structural stress amplitude, the shear components of
Equation (1) can be neglected [17]. Generally used to carry out fatigue durability analyses
of welded components, this method is insensitive regarding the mesh refinement [18,19].
This particularity of the method is very interesting given that the stress distribution around
a geometric discontinuity (weld, edge, radius, etc.) is very mesh sensitive, which can lead
to inaccurate fatigue life predictions. For riveted joints, a simplified version of the model
exists [20–25]. According to this model (1), (2) and (3) become the following for sheet
metal failure:
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In (5)–(7), d is the diameter of the rivet, Fx,y,z and Mx,y,z are forces and moments taken
directly on the beam element that modelled the rivet. For rivet failure, it is possible to
evaluate the stress by using (8) and (9).
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In this paper, the structural stress method was used alongside the Stüssi probabilistic
model to plot S(N) curves for riveted joints. These curves were then used to predict the
fatigue life of complex structures subjected to variable amplitude loads. It was shown that
the proposed methodology can accurately predict the fatigue life of complex structures.

2. Material and Methods
2.1. Aluminum Alloy and Rivet Descriptions

The material of the sheet metal used during this study is the AA5052-H36. The
mechanical properties of this alloy are given in Table 1. The dimensions and mechanical
properties of the two rivets used in this study are presented in Table 2.

Table 1. Mechanical properties of AA5052-H36.

Tested
Material

Young Modulus
(GPa)

Yield Strength
(MPa)

Max. Tensile
Strength

(MPa)

Maximum
Elongation

(%)

AA5052-H36 70000 230 280 7

Table 2. Rivet description.

Description Units Avibulb BN01-00611 Avdel Hemlock
2221-00813

Body diameter mm 4.8 (3/16′′) 6.4 (1/4′′)
Head diameter mm 9.6 13.4
Hole tolerance mm 4.9–5.1 6.7–6.9

Max shear strength kN 3.6 12.0
Max tensile strength kN 3.8 8.8

2.2. Single-Riveted Specimen Preparation and Mechanical Testing

Four joint configurations were tested experimentally to characterize the behavior of
rivet joints to develop a numerical prediction model. The overall dimensions of the samples
are presented in Figure 1 and the main characteristics of the samples are presented in
Table 3. For the single-lap joint samples, spacers were used to align the samples properly
in the jaws of the testing apparatus. Fatigue tests were carried out on an MTS Test frame
322 hydraulically controlled machine. Twelve samples for each configuration were tested
using a load ratio of 0.1. For each configuration, samples were divided into four loading
levels. Single-lap samples were tested with a frequency of 5 Hz. Coach peel samples
were tested with a frequency of 3 Hz to compensate for high displacements measured
during testing., This slight difference in frequency has a negligible effect on the results for
aluminum alloys [26,27]. Acoustic emission monitoring (AE) was performed using the
Vallen acoustic system (AMSY-6) equipped with 2 piezoelectric sensors attached at the
mid-width of the tested specimen (with adhesive tape) to detect fatigue crack initiation.
The piezoelectric transducers (VS150-M) have a band width of 100–450 kHz with a peak
of 150 kHz. Each sensor is connected to a preamplifier that transmits analogic signals to a
sixth-channel acquisition and treatment unit, with a gain set at 40 dB. A noise threshold of
50 dB was used to analyze the data.
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tested with a constant amplitude load and three samples were tested using a variable am-
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Table 3. Single-riveted samples characteristics.

Features Config. 1 Config. 2 Config. 3 Config. 4

Configuration Single lap Single lap Peel Peel
Sheet thickness 2.0 mm 2.0 mm 1.6 mm 1.6 mm

Rivet Avdel Avibulb Avdel Avibulb
Rivet diameter 6.35 mm 4.87 mm 6.35 mm 4.87 mm

Clamping surface (hydraulic jaws) 75 mm × 40 mm 75 mm × 40 mm 75 mm × 40 mm 75 mm × 40 mm

2.3. Multi Riveted Specimen Preparation and Mechanical Testing

For the multi-riveted samples, two different configurations were tested experimentally.
The overall dimensions of the samples are shown in Figure 2. As with single-riveted
specimens, spacers were used for single-lap samples to eliminate any misalignment issues.
The same load ratio (0.1) and frequency (5 Hz single lap and 3 Hz coach peel) were used
for the fatigue tests of these samples. The main characteristics of the multi-riveted samples
used are presented in Table 4. Fatigue tests were carried out with the six samples of
each configuration on an MTS Test frame 322. For each configuration, 3 samples were
tested with a constant amplitude load and three samples were tested using a variable
amplitude load. The main features of these loads are presented in Tables 5 and 6. AE
monitoring was performed to detect fatigue crack initiation using the Vallen system and
four piezoelectric sensors.
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Table 4. Multi-riveted samples Characteristics.

Features Config. 1 Config. 2

Configuration Single lap Peel
Sheet thickness 1.6 mm 1.6 mm

Rivet Avibulb Avibulb
Rivet diameter 4.87 mm 4.87 mm

Clamping surface (hydraulic jaws) 75 mm × 40 mm 75 mm × 40 mm

Table 5. Multi-riveted fatigue test—Constant amplitude loads description.

Samples Maximal Force Frequency

Units N Hz
Single lap #1 10,000 5
Single lap #2 11,000 5
Single lap #3 9000 5

Coach peel #1 600 3
Coach peel #2 800 3
Coach peel #3 500 3

Table 6. Muti-rivet fatigue test—Variable amplitude loads description (unit N).

Load Level Single Lap Coach Peel 1 & 2 Coach Peel 3 Cycles

Load 1 10,500 600 675 1000
Load 2 10,000 650 700 1000
Load 3 9500 550 600 1000
Load 4 10,500 600 650 1000
Load 5 10,000 650 700 1000
Load 6 9500 550 600 1000
Load 7 9000 500 575 1000
Load 8 11,000 700 750 1000
Load 9 9000 500 575 1000

Load 10 11,000 700 750 1000
Load 11 9000 500 575 1000
Load 12 11,000 700 750 1000
Load 13 9750 625 675 1000
Load 14 10,250 600 650 1000
Load 15 10,750 625 675 1000
Load 16 10,250 650 700 1000
Load 17 10,750 625 675 1000
Load 18 9750 550 600 1000

2.4. Module E Specimen Preparation and Mechanical Testing

To validate the efficiency of the developed fatigue prediction methodology, fatigue
tests were carried out on a complex assembly. This assembly, called the module E, is
presented in Figure 3a. The main components of this assembly are presented in Table 7.
Figure 3b presents the test setup used for this series of tests and indicates the direction of
the load applied to the structure. Note that the rivet Avibulb (see Table 2) is used to make
this assembly. AE monitoring was performed to detect fatigue crack initiation using the
Vallen system and six piezoelectric sensors. As a reminder, a description of the acoustic
emission chain is presented in Section 2.2. Fatigue tests were carried out on three samples
with an MTS Test frame adapted for large vehicles. Each test was performed with a variable
amplitude load (load ratio = 0.1). These loads are presented in Table 8.
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Table 7. Module E components description.

Name # Material Thickness

Casting #1 1 Casting Al alloys 3 mm
Casting #2 2 Casting Al alloys 3 mm
Sheet #1 3 AA5052-H36 1.6 mm
Sheet #2 4 AA5052-H36 1.6 mm

Table 8. Module E test—load definition.

Test #1 Test #2 Test #3

Load Step Max Force
(N)

Number of
Cycles

Max Force
(N)

Number of
Cycles

Max Force
(N)

Number of
Cycles

Frequency
(Hz)

Load step #1 1300 195,000 1500 1000 1500 2000 2
Load step #2 1500 20,000 1350 1000 1400 2000 2
Load step #3 1600 To failure 1300 1000 1300 2000 2
Load step #4 1500 1000 1500 2000 2
Load step #5 1350 1000 1400 2000 2
Load step #6 1200 1000 1800 2000 2
Load step #7 1300 1000 1350 2000 2
Load step #8 1250 1000 1800 2000 2
Load step #9 1300 1000 1350 2000 2
Load step #10 1200 1000 1800 2000 2
Load step #11 1800 1000 1600 2000 2
Load step #12 1300 1000 1200 2000 2
Load step #13 1800 1000 2000 2000 2
Load step #14 1300 1000 1400 2000 2
Load step #15 1800 1000 1700 2000 2
Load step #16 1150 1000 2
Load step #17 1200 1000 2
Load step #18 1250 1000 2
Load step #19 1300 1000 2
Load step #20 1400 1000 2
Load step #21 1300 1000 2
Load step #22 1150 1000 2
Load step #23 2000 1000 2
Load step #24 1200 1000 2
Load step #25 1650 1000 2

2.5. Numerical Model

Numerical simulations were performed with Altair’s Optistruct implicit solver. To
model the rivet, a beam element fixed with rigid elements to the aluminum sheets is used.
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This modeling approach is quick and easy to implement, even for an assembly that has a lot
of rivets. Figure 4 shows the numerical models used. In this study, the simplified approach
is used to evaluate the structural stress. For module E, the two aluminum castings are
modeled with tetra10 solid elements.
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3. Results and Discussions
3.1. Single-Rivet Joint

Using the structural stress method, the results from all the experimental tests can be
combined on the same S(N) curve. Given that two different types of failure were observed
during the experimental tests (sheet metal failure and rivet failure), it is, however, necessary
to group the samples into two different curves. Figures 5 and 6 show the P-S-N probabilistic
fields obtained with the ASTM E739, the Castillo model, and the Stüssi model for the
two types of failure.

Eng. Proc. 2023, 43, 6  8 of 11 
 

 

 
Figure 5. Probabilistic Models—Sheet Metal Failure. 

 
Figure 6. Probabilistic Models—Rivet failure. 

In the two previous figures, one can notice that the probabilistic model of Castillo is 
less efficient than the other two models, especially for the aluminum sheets failure S(N) 
curve. Castillo’s model is usually effective for fatigue predictions ranging from a medium 
to a high number of cycles. It is therefore somewhat effective to plot the P-S-N field of the 
rivet failure S(N) curve. On the other hand, this model is less efficient if the experimental 
samples follow a linear line (in a log-log scale), as is the case for the samples that had a 

Figure 5. Probabilistic Models—Sheet Metal Failure.



Eng. Proc. 2023, 43, 6 8 of 11

Eng. Proc. 2023, 43, 6  8 of 11 
 

 

 
Figure 5. Probabilistic Models—Sheet Metal Failure. 

 
Figure 6. Probabilistic Models—Rivet failure. 

In the two previous figures, one can notice that the probabilistic model of Castillo is 
less efficient than the other two models, especially for the aluminum sheets failure S(N) 
curve. Castillo’s model is usually effective for fatigue predictions ranging from a medium 
to a high number of cycles. It is therefore somewhat effective to plot the P-S-N field of the 
rivet failure S(N) curve. On the other hand, this model is less efficient if the experimental 
samples follow a linear line (in a log-log scale), as is the case for the samples that had a 

Figure 6. Probabilistic Models—Rivet failure.

In the two previous figures, one can notice that the probabilistic model of Castillo is
less efficient than the other two models, especially for the aluminum sheets failure S(N)
curve. Castillo’s model is usually effective for fatigue predictions ranging from a medium
to a high number of cycles. It is therefore somewhat effective to plot the P-S-N field of the
rivet failure S(N) curve. On the other hand, this model is less efficient if the experimental
samples follow a linear line (in a log-log scale), as is the case for the samples that had a
sheet metal failure. The ASTM model also has several shortcomings. Indeed, this model
is only relevant for a linear fatigue curve (in log-log scale) and assumes that the sample
distribution follows a normal law. However, this is generally not the case in fatigue. The
ASTM model is therefore not effective in plotting the two extremities of a probabilistic field
(for a low or a high number of cycles). It is, however, more efficient than the Castillo model
to plot properly the P-S-N field that expresses the crack initiation of the aluminum sheet.
For both types of failure, the Stüssi model is the most efficient overall. It will therefore be
used for the rest of this study to predict the fatigue life of complex structures.

3.2. Complex Assembly Fatigue Life Prediction

It is possible to evaluate the critical structural stress numerically for the multi-rivet
samples and combine this result with the experimentally evaluated fatigue life to validate
whether the proposed methodology can correctly predict the fatigue life of each sample.
Figure 7 presents the results obtained for the samples that were tested at a constant am-
plitude. As shown in this figure, each experimental result is set between the 5% and the
95% confidence interval. The developed methodology can therefore predict accurately the
fatigue life of multi-rivet samples subjected to a constant load for several stress amplitudes
and for the two failure modes encountered during the experimental testing phase.
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By using the structural stress evaluation method with Miner’s law, it was also possible
with the developed methodology to predict accurately the fatigue life of complex structures
subjected to a variable amplitude load. As shown in Table 9, the fatigue life of each
specimen tested except one is inside the 5–95% prediction interval. The fatigue of the only
exception is close to the 5% survival prediction, which means that the proposed approach
is a bit conservative.

Table 9. Variables amplitude predictions of complex assemblies.

Samples Test Config. Type of Failure Experimental Results Predict 5% Survival Predict 95% Survival

Variable #1 Coach peel Rivet 153,500 146,530 66,000
Variable #2 Coach peel Rivet 136,900 146,530 66,000
Variable #3 Coach peel Rivet 94,000 117,000 53,000
Variable #4 Single lap Sheet metal 205,000 375,000 152,000
Variable #5 Single lap Sheet metal 193,000 375,000 152,000
Variable #6 Single lap Sheet metal 188,000 375,000 152,000

Module E #1 Module E Rivet 233,300 278,000 146,530
Module E #2 Module E Rivet 206,400 207,010 89,203
Module E #3 Module E Rivet 100,100 106,050 53,478

4. Conclusions

This study presents an innovative methodology to evaluate the fatigue life of complex
riveted aluminum alloy structures. The methodology advocates a probabilistic approach
by combining a simple finite element model with experimental fatigue tests with distinct
characteristics. During the development of the methodology, it was possible to make
several important observations. These are the following:

• The simplified structural stress evaluation method is effective in combining on a single
(N) curve the experimental results of several specimen configurations with distinct
characteristics (rivet diameter, covering and peeling configurations, sheet thickness);

• Stüssi’s probabilistic model is the most effective in expressing the fatigue behavior of
riveted joints in fatigue;
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• Miner’s law is effective in evaluating the accumulated fatigue damage of complex
riveted assemblies.
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