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The rotorcraft airframe is a complex structure designed to satisfy different functions; since fatigue life is one of the
most critical, it is important that the structural configuration be accurately studied. Because of the fact that the
riveted joints play an important role in fatigue-life assessments, an accurate experimental and numerical safe-life
fatigue evaluation was carried out. Specimen panels were exposed to different fatigue conditions in order to evaluate
their endurance. A detailed finite element analysis was also carried out in order to obtain an accurate stress—strain
field in the most stressed rivets, and the residual stress in the holes was obtained by a complete simulation of the
riveting forming. Based on the fatigue data on Al 8090-T8 that is described in literature, a complete fatigue analysis
was carried out that demonstrated the ability of the numerical model to predict failure correctly.

1. Introduction

OTORCRAFT frames are designed to satisfy different

functions; not only must they guarantee structural integrity
and performance, but they must also comply with the requirements of
lightness, low-cost maintenance, and easy failure detection. At
present, the most common types of airframes are constructed using
aluminum alloy panels joined together by metallic fasteners.

The structural reliability of riveted joints plays an important role
not only insofar as the entire aircraft frame is concerned, but also in
civil structures. Their main functions are connecting two or more
structural components and transferring them among the loads. The
presence of holes in the fastener and the geometrical discontinuity
due to the assembly process make the joint one of the most stressed
zones and thus critical in terms of the structural assessment of the
component. For these reasons, the joint should be designed following
in-depth analysis, taking into consideration all assessment proce-
dures and choosing the most suitable one (damage tolerance, fail-
safe, and safe-life methodology).

Moreover, it is important to bear in mind that helicopter frames are
subjected to high-vibration load levels, and so fatigue life is a key
factor insofar as structural integrity is concerned. The material used
and its structural configuration (joints, stringers, T-cleats, etc.) must
be carefully checked, in compliance with the fatigue-tolerance
requirements imposed by civil regulations CS 29.571 [1]; this
regulation calls for a complete fatigue-tolerance assessment that can
be performed according to different design approaches: safe-life,
flaw tolerance, etc.

In particular, conducting a fatigue analysis on joints is rather
expensive and complex, due to several different factors that affect
fatigue life: fastener stiffness, friction, residual stress, and assembly
tolerance. To accurately predict the fatigue behavior of airframe
joints, all these relevant factors should be considered in detail.

Furthermore, it is also likely that the traditional materials used
until now will be replaced in the near future by more innovative ones.
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In fact, nowadays, Al-Li alloys are used as a replacement for some of
the longest-serving commercial aluminum alloys, such as 2024 and
2114, for example. Compared with these materials, an 8090 alloy has
a 10%-lower density and an 11%-higher elastic modulus. Its use is
suitable in applications where damage tolerance behavior and lower
density are critical aspects for engineering design. The main dis-
advantages of these alloys in structural assessment are the presence
of reduced ductility and fracture toughness and accelerated fatigue-
crack growth rates, especially in the case of small crack dimensions
(short cracks). This behavior is potentially dangerous, especially in
highly stressed regions such as the rivet holes, because it can induce
fast crack nucleation and cause multisite damage.

Thus, the presence of holes, rivet contact, residual stress, and
geometric discontinuity means that the riveted joints play a key role
in assessing the structural integrity of a helicopter frame. Numerous
papers analyzing the fatigue life of riveted joints in detail are
available in literature. Urban [2] provided an extensive summary of
these works and carried out static and fatigue tests on different
riveted-joint configurations. Urban also showed that in order to
obtain an accurate stress field with a view to establishing a good
numerical/experimental correlation, a detailed finite element (FE)
model is required. The experimental analysis outlined in [2] also
showed the possible presence of fretting failure during the fatigue
tests. That work focused on the view shared by scientists regarding
the effects of rivet-head dimensions and secondary bending on the
fatigue life of the joint.

The papers written by Fung and Smart [3,4] provided evidence of a
numerical parametric and fatigue study of riveted lap joints. Using
both numerical and experimental methods, they investigated the
effect of the interference fit and the friction and clamping force on the
fatigue life of the joint. Their results confirm the effects of these
parameters on the fatigue behavior of riveted sheet joints.

The structural reliability of riveted joints is important not only in
aircraft structures, but also in civil structures; Al-Emrani and Kliger
[5] used an FE model and experimental tests to analyze a connection
in a riveted railway bridge. These types of structures are subjected to
high localized stress in the joint system; for this reason, the only way
to predict this type of stress accurately is by means of detailed
nonlinear FE models. Another key issue in the riveting process
consists in the evaluation of residual stress and, consequently, the
way in which this stress distribution is capable of affecting the fatigue
strength of the joint. Deng and Hutchinson [6] carried out an
extensive FE analysis on simplified solid-rivet geometry in order to
obtain the residual and clamping stresses. Miiller [7] carried out an
extensive experimental investigation showing the influence of
different parameters on fatigue life. One of the most significant
parameters is the squeeze force; in fact, the fatigue life of joints
increases when a large squeeze force is used. Similar experimental
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results were also obtained on both aluminum lap joints and fiber/
metal-laminate lap joints. De Rijck et al. [§] studied the influence of
rivet-head dimensions on the fatigue life of joints. The results
obtained demonstrated that the increase of the squeeze force induces
a larger rivet-head diameter and, consequently, a longer fatigue life.
This happens when the squeeze force reaches a limit value, over
which an increase in the force does not result in an increase in fatigue
life. Because of its strong influence, the deformed rivet-head
dimension is also used as a parameter to evaluate the quality of the
riveting process. In fact, in a study on the quality assessment of a
riveting process, Wang et al. [9] implemented a control system in the
rivet gun. This control, consisting of a governing air regulation and of
a microprocessor, results in the achievement of a repeatable riveting
procedure. The controller acts on the riveting force and, conse-
quently, on the deformed rivet-head dimensions. New research on
riveting technology is based on electromagnetic systems, because
they are easy to control and offer a better rivet quality [10,11].

The residual stresses are another factor having a strong impact on
the fatigue life of the joint. For this reason, it was essential to create an
FE model that is capable of predicting them accurately. Matos et al.
[12] carried out a numerical study on the residual stress field induced
by the cold working process applied to the rivet hole and its effect on
fatigue-life improvement. The effect of residual stress can also be
negative and depends on riveting conditions (interference, clamping
force, etc.). Szolwinski and Farris [13] analyzed the squeeze-force
effect on residual stress using a nonlinear 2-D FE model. These
residual stresses are generally compressive near the rivet/hole
interface and are tensile at the internal points far from the hole area.
Szolwinski and Farris pointed out that a fatigue crack can nucleate
and propagate at this point. This is in contradiction to the claim that a
fatigue crack starts at a hole/rivet interface. The crack-initiation
points are recognizable following an in-depth analysis of the stress
field after loading and unloading conditions.

Moreira et al. [14] analytically (weight function) and numerically
evaluated the residual stress intensity factor (SIF) for different crack
dimensions and for different value interferences. In any event, this
interference is coupled with the squeeze force and, consequently,
with the deformed rivet-head dimensions. Moreira et al. clearly
showed that the residual SIF has a minimum value at a fixed distance
from the rivet/hole interface. This distance increases with hole
expansion, and the minimum residual stress decreases. By also
considering the SIF curve of a loaded joint and its residual value, the
maximum value of the total SIF could not be at the rivet/hole
interface; consequently, fatigue-crack initiation cannot start at this
point.

Nowadays, 3-D FE analysis of the rivets is mainly used to study the
stress field after the riveting process. Bouchard et al. [15] and Porcaro
et al. [16] simulated the 3-D riveting process numerically. Similarly,
Kelly and Costello [17] approached a numerical analysis of the blind

rivet process. Rans and Strznicky [18] numerically reproduced the
application of a solid rivet in order to obtain induced residual stresses
in jointed plates. The 3-D FE model of rivets can also be used to
develop a simplified failure model for crashworthiness analysis [19].

The interference between the rivet and the hole is another
important factor capable of influencing the fatigue life of a joint. In
multifastener joints, the most important effect of manufacturing
tolerance is on load redistribution among the rivets [20,21].

Simulation of the riveting process is intrinsically a highly
nonlinear problem (high deformation, material behavior, geometry,
and complex contacts) that requires the use of a dynamic explicit
solver such as Abaqus/Explicit®, LS-Dyna®, and PAM-Crash® in
order to be resolved numerically.

Based on the aforementioned research, the aim of this paper is a
detailed fatigue-life evaluation of the riveted joint in the rear part of a
helicopter fuselage. The fuselage consists of classical aerospace skin/
stringer/rivet structures made, for the most part, of Al-Li alloy 8090-
T81. The rear part of the fuselage is joined to the central one by means
of arear modular joint consisting of T-cleats connected to the stringer
by solid rivets. The first part of the paper describes the experimental
data related to full-scale panels. These data were obtained from two
specimens employed during an in-depth experimental test campaign
carried out on the panel specimens of a helicopter frame to investigate
different types of rear joints. After this, a complete and detailed 3-D
FE simulation was performed, considering both the riveting process
and the fatigue-test load. The numerical analyses were carried out on
three different FE models. The first is a global model of a panel
complete with all features, the second is a detailed submodel of the
joint, and the last is an even more detailed submodel of the most
stressed riveted area in which the failure appears. These models were
accurately validated using the data obtained from the experimental
tests.

The numerical and experimental data are then analyzed together
with the fatigue curve of the material, and the importance of an
accurate full-process simulation for the fatigue assessment of the
component is then highlighted.

II. General Description of the Component

Because of the fact that the rear fuselage of a helicopter is
traditionally a modular metallic structure, this configuration gives the
joints acritical structural function. According to the test requirements
of the modular joint in the exact service configuration, a panel
specimen of the full-scale real structure was built. In particular, the
rear modular joint in the lower part of the panel was reproduced in full
detail without any modifications from the real one. Figure 1 shows
the specimen panel used in this paper. The fundamental dimensions
of the panel are overall width 580 mm and overall height 550 mm.
Considering the figure from the top, the panel consists of a reinforced

Angle fitting

Fig. 1 Helicopter panel under analysis. The lower part of the panel is the real modular joint subjected to testing (left) and specimen installation (right).
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Table 1 Applied loads and test results
for each specimen panel

Specimen  Applied load, kN Failure cycles

P2 2.16/21.6 830,530
P3 1.96/19.6 1,750,630

plate, which is useful for load application. Because of the fact that
this is not critical for the fatigue life of the panel, this part was built in
such a way as to allow not only the application of aload (as in the real
structure), but also to avoid fatigue failure. Moving down toward the
joint being tested, the specimen was designed in exactly the same
way as a typical aeronautical structure, with a very thin skin and five
shaped stringers joined together by rivets. At each side of the
specimen panel, reinforcements were placed to avoid failure and to
simulate the presence of the other panels found in the real config-
uration, which increase stiffness. These reinforcements are obviously
not present in the real panel. As previously mentioned, the bottom of
the panel is the critical part of the specimen. In this part, a piece of
skin was folded in the angle fitting, joined by rivets to the main skin.
The stringers were joined to the angle fitting by T-cleats. T-cleats are
joined to the stringer by rivets and to the base part of the angle fitting

by bolted joints. The bolted joint simulates the connection between
the stringer and the ribs.

III. Experimental Tests

The main aim of the experimental tests was to analyze the fatigue-
tolerance behavior of the structural joint. The specimens (described

Panel FE model

Riveting FE submodel
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in the previous paragraph) were connected at the top to a hydraulic
actuator by means of a stiff dedicated frame and were constrained at
the bottom, near the modular joint, with two plates fixed to a working
plane (Fig. 1). The upper connection consisted of a triangular plate,
used to transfer the load from the actuator to the panel across the
entire width and of two C-section beams to make the input load zone
of the panels stiffer. To avoid rotation of the upper part, one C-section
beam was connected by means of four rods to a fixed beam. Although
the upper area was not subjected to testing, we felt that it would be
useful to apply a load to the panel that reproduced the service load as
closely as possible. The lower part of the specimen, simulating the
rear modular joint structure, was fixed to a connection plate by means
of a bolted connection with a calibrated tightening torque, thereby
simulating real operating conditions. The connection plate was then
fixed to the ground by another plate. The hydraulic actuator was
attached to a rigid dedicated service structure. The value of the
applied load was controlled by means of an internal load cell with a
range of 100 kN. The tests were carried out in load control, using
closed-loop instrumentation; an upper load limit of 105% of
maximum applied force was set.

A sinusoidal load with a load ratio R = 0.1 was used to test the
specimens. Table 1 shows the total applied force for each specimen
and is the net weight of the dead load (self-weight, frame, and grip
loads).

The first failure occurrence was used to evaluate the safe-life
Wohler data. Each fatigue test consisted of a safe-life phase, ranging
from the beginning of the test to the first fatigue crack. The main
output was the number of cycles of visible crack nucleation. The
fatigue crack appeared on a T-cleat in the rivet connection with the
stringer.

The number of cycles to failure (see Table 1) consisted of the
average value of the last observation of the undamaged panel and the
failure relief (visible crack). In spite of the fact that the inspection
times were chosen to avoid uncertainty regarding values of less than
5% of the failure cycles, during this period, the crack generally
nucleated and propagated very fast. Hence, the final results were that
the crack often propagated for whole T-cleat sections. Based on the

fast propagation of the crack inside the T-cleat, the fatigue-tolerance
requirements [1] investigated in this paper were only limited to a
safe-life approach. No further investigations to check the structure’s
ability to tolerate the effect of the damage (flaw tolerance) were
carried out on the damaged structure.

IV. Numerical FE analysis

Bearing in mind the objectives of this paper, i.e., investigating the
fatigue behavior of a riveted joint, a detailed numerical analysis is
fundamental to accurately estimate the stress field and to correlate a
stress parameter with the fatigue life of the material. The numerical
analyses were carried out using three different finite element models.
The first model was a global model of the panel in which all the
components were correctly modeled. To ensure accurate stress distri-
bution around the rivets, the second model faithfully reproduced the

!
4.8

! —>#

Fig. 3 Illustrations of a) FE joint submodel and b) rivet geometry before and after plastic deformation; units are in millimeters.
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Rigid surface of the //

riveting machine

Solid rivet

T-cleat

Fig. 4 Geometry used in the rivet-forming submodel.

panel joint. The third model numerically simulated the complete
riveting manufacturing process. All of these models are shown in
Fig. 2.

This progressive approach, based on simulation, was fundamental
and allowed us to obtain the actual residual stress distributions in the
riveted zone. All the models were developed using Abaqus® version
6.7, acommercial finite element software. The analysis sequence was
divided into different steps. First, in order to acquire the stress field
for the entire panel, the global panel model was dedicated, with
particular attention being placed on the evaluation of the load
distribution along the skin and the stringers. Second, starting from
the global results, the joint submodel allowed us to obtain a detailed
stress—strain field in the T-cleat, which proved to be useful in order to
correctly describe the stress path from the stringers to the T-cleats.
Finally, to also assess the residual stress field in the riveted zone, the
last submodel was used to numerically reproduce the riveting
process. According to the submodeling technique, the results of the
global model (in terms of nodal displacements) are the boundary
conditions for the joint submodel; consequently, this model
reproduces the joint in detail, including the stress field (inside). The
same downstream approach connects the joint submodel with the
riveted submodel This approach allows an efficient balance between
results accuracy and complexity/time of the analyses.

A. Panel FE Global Model

The global finite element model included all the parts of the
specimen panel. The use of shell elements was suitable, due to the
thin thickness of the skin, the reinforcements, and the stringers. This
solution also enabled us to cut down on the computational cost of the
model. The stringers were joined to the sheet by means of blind
rivets, modeled as hollow beams and linked to the holes. A contact
interaction (frictionless) was set up between the surfaces in contact
with the stringer and the panel. The T-cleats were reproduced as a
solid part; in the next submodel, this solution enabled us to obtain the
exact stress distribution along the thickness. The metal sheets were
made of aluminum alloy Al 2024 [22], and the T-cleat and stringers
were made of aluminum alloy Al 8090-T81 [23].

B. Joint FE Submodel

As previously mentioned, the T-cleats were modeled using solid
elements. Despite the fact that the T-cleat has a thin thickness and

may thus be modeled with shell elements, the stress along the
thickness can be important for fatigue evaluation.

Thus, a complete 3-D detailed geometry of the T-cleats was taken
into account in this submodel. The T-cleat, the stringer, and the skin
in the most stressed joint zone were modeled using 3-D solid finite
elements (C3-D8R). The complete submodel (Fig. 3a) required
about 65,000 finite elements. The interactions between the com-
ponents were modeled by means of hard contacts with a friction
coefficient equal to 0.3. The solid rivets were modeled as solid
components and a contact interaction was introduced into the hole
boundary.

C. Riveting FE Submodel

To obtain numerical residual stresses in a riveted joint it was
necessary to simulate the entire riveting process. The T-cleat was
connected to the stringer by means of solid rivets (MIL-STD 20470
[24]); the geometrical dimensions of the rivets are shown in Fig. 3b.
Following the deformation process, the geometry of the rivet heads
(diameter and thickness) served as a parameter to identify the quality
of the riveting process. This geometry, together with the shank
geometry and its interaction with the hole, influences the residual
stress field in the structure and, consequently, the fatigue life of the
joint.

To accurately simulate the riveting process used on the test panels,
the dimensions of the deformed rivet heads were measured on
the panel and then reproduced numerically (Fig. 4) by varying the
motion law of the rigid surface, which represents the hammer of the
riveting machine. The geometry considered in this submodel is
related to the zone in which the failure occurs (i.e., the rivet near the
constraint) (Fig. 4). The stringer, the rivet, and the T-cleat were
modeled using solid elements, thus allowing us to estimate the stress
variation along the thickness.

During the riveting process, the rivets are placed under high-strain
deformation; for this reason, a dynamic explicit simulation is
required in order to obtain a reliable solution that is representative of
the real behavior. Hence, the submodel was developed using Abaqus/
Explicit version 6.7 finite element software. The T-cleat consisted of
20,480 finite elements; 10,056 solid elements were used for the
stringer and 7784 were used for the rivets. Because of high
deformation, a general contact formulation was used to assess the
contact between the parts. A friction coefficient equal to 0.3 was used
between the aluminum components. The riveting process was
simulated using a rigid surface (Fig. 4), which compressed the rivet
head until it reached the rivet dimensions measured on the panel
under unloaded conditions. The high deformation of the rivet
required the use of an adaptive meshing algorithm. In Abaqus/
Explicit, excessive mesh distortion was avoided by using an arbitrary
Lagrangian—Eulerian [25] domain on the rivets. The rivet made of
Al 2024 was modeled with an elastic plastic with linear hardening
behavior (from yield point to failure condition). The stringer and
the T-cleat were both modeled in a similar way, considering the
application of a Al 8090-T81 material. Table 2 shows the char-
acteristics of the materials employed in the FE software.

D. Finite Element Model Validation

Validation of the finite element model was only verified on the
global model. The global model is particularly important, because all
submodel boundary conditions depend on its results. Moreover,
during the experimental tests, strain gauges were positioned in
different zones on the panels so that it was thus possible to compare
the experimental strain values with the numerical results. The
complete instrumentation used consisted of 28 strain gauges

Table 2 Material characteristics for FE analysis

Material Modulus of Poisson’s ratio v 0.2% yield Ultimate tensile Elongation in
elasticity E, MPa strength oy, MPa  strength oyrg, MPa 50 mm (2 in.) &/, m/m

Al12024 [22] 73,100 0.33 317 330 0.09

Al18090-T81[23] 77,000 0.30 324 450 0.12
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Fig. 5 Panel tested and strain-gauge position (left) and layout of the strain gauges (A, B, C) (right).

positioned in two groups at approximately one-third and two-thirds
of the panel height (Fig. 5). Two strain gauges were placed at the
same height on each stringer: strain gauge C was placed in the central
zone of the stringer, perpendicular to the skin, and strain gauge B was
placed in the central zone of the stringer parallel to the skin, with one
pair per stringer group. The direction of the strain gauge was parallel
to the stringer axis. Strain gauges (four per group) were placed on the
skin in each bay between two stringers. These were termed gauges A
and, in terms of direction, were parallel to the stringer axis.
Identification of the stringer for the strain gauges and for failure
identification, together with the layout of the strain gauges, is shown
inFig. 5. Only P2 has a complete instrumentation; P3 and other three
panels (belonging to the same test campaign) have a reduced strain-
gauge survey. The other three panels are not considered in this paper,
due to the heavy computational effort needed for each simulation.
The experimental strain-gauge values reported in Table 3 are
therefore average values (where possible) or refer only to the P3
specimen. Thus, Table 3 shows a comparison between the strain
measured and the FE values at a load of 19.6 kN.

From the comparison, it is possible to see that the FE values often
tend to overlap on the mean (where available) values, showing that

Table 3 Experimental and FE strain values at 19.6 kN

Strain values, um

Strain gauge ~ Experimental ~ FE Relative Absolute average
error % error %
Cl 468 535 12.7 16.0
Cc2 508 525 3.2 —_—
C3 461 526 12.3 —_—
C4 411 526 21.9 —_—
C5 367 524 30.0 —_—
C6 281 322 12.5 11.2
Cc7 337 319 -5.6
C8 298 323 7.8 —_—
c9 281 320 12.2 R
C10 252 307 17.9 —_—
Al 253 221 —143 14.1
A2 287 242 —18.5
A3 288 244 —17.8 —_—
A4 237 224 —5.7 —_—
AS 325 312 —4.0 6.6
A6 351 338 -3.9 —_—
A7 342 340 -0.6 —
A8 259 315 17.8 —_—
Bl 247 286 13.5 5.3
B2 325 319 -2.0
B3 334 328 -1.7 —_—
B4 326 322 —1.4 —_—
B5 273 296 7.1 —_—
B6 269 307 12.4 10.1
B7 345 354 2.6 —
B8 340 367 7.4 —_—
B9 324 359 9.6 —_—
B10 255 313 18.6 —_—
Total error % 10.6

the FE models describe with a sufficiently good agreement the state
of strain and stress inside the panels. The differences found are
probably due to geometrical tolerances consequent to the manu-
facture of the specimens. Almost all the panels (representative of the
real technological process) showed a more-or-less pronounced
nonregular shape with a barely visible twisting and or bending of the
skin plane. Considering the high variance of the irregular shapes
observed, these have not been included in the FE models, which are
referred to as the nominal straight configuration. Analogous behavior
has been noticed by the authors in similar construction panels used
for crack propagation assessment [26,27]. However, the previous
work shows that a nominal numerical model is able to correctly
reproduce the main structural phenomena.

Therefore, considering the previous considerations, the experi-
mental strains are in good agreement with the corresponding FE
values, especially for strain gauges C1, C6, Al, AS, B1, and B6,
which were placed near the maximum-stressed T-cleat zone. In view
of the fact that the absolute average error is not more than 16%,
thereby also allowing for errors regarding geometrical construction
and load application, the global FE model may be considered to be
sufficiently accurate and reliable.

E. Finite Element Results

Because of the fact that the panel specimens were not exactly
symmetrical to a hypothetical vertical axis (the L-shaped stringers
were all placed in the same direction), the results of the global FE
model indicated that the most stressed joint in the panel was the first
on the bottom left-hand corner. Stress distribution in the joint without
the residual stress due to the riveting process is shown in Fig. 6.

Figure 6 also shows some examples of riveting forming in a
section plane. In these pictures, the high plastic deformation to which
the rivet head is subjected is clearly visible.

As previously explained, the numerical analysis simulated the
process in such a way that the dimensions of the rivet head are exactly
the same as the rivet found in the specimen panel. The riveting
process induced high deformation on the rivet head and a residual
stress—strain field in all the components of this submodel. The
maximum circumferential stress in the T-cleat component was
positioned at about one-third of the thickness from the external
surface. In this section (Fig. 7), along the circumference of the hole,
there were two points that clearly showed stress concentration. These
two points were placed at the very beginning of the crack path
observed during the experimental test (see path 1 and path 2 in
Fig. 7). The absolute maximum circumferential stress occurred at the
beginning of path 1 and corresponded exactly to the physical point at
which the crack started. The secondary maximum circumferential
stress point corresponds to the point at which a second crack
nucleated and propagated until complete T-cleat failure. These
results are clearly further evidence of the accuracy of the model.

The first graph in Fig. 8§ shows the circumferential stress trend
along the hole circumference. The two curves indicate the circum-
ferential stress around the hole in the most stressed section (as
previously illustrated); they correspond to the application of the
full riveting process, to the maximum load applied on the panel
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Fig. 6 Stress results of the panel, joint, and riveting FE model.
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Fig. 7 The most stressed points on the riveted T-cleat (left) and experimental failure points (right). The crack on the left of the rivet is path 2 (220°); the

crack at the right is path 1 (0°).

(Pmax = 21.6 kN, solid line), and to the unloaded condition (dashed
line). As mentioned above, the maximum circumferential stressed
points are positioned exactly at 0° (path 1 starting point) and 220°
(path 2 starting point) of the reference system in Fig. 7. The
remaining graphs in Fig. 8 show the different stress curves, obtained
from FE analyses, along path 1 of Fig. 7, starting from the maximum
circumferential stress.

Numerically predicting the residual stress field is quite complex
and depends on many physical parameters such as interference fit,
plastic behavior, clamping force, friction coefficient, and sheet
thickness. A modification of one of these parameters can lead to
different residual stress values; for this reason, it is particularly
important to have a detailed numerical model that considers all the
existing variables. The trend of the radial and circumferential stresses
are in agreement with [28] in literature; the numerical values
obviously depend on all the parameters outlined previously, thus
making a parametric approach quite complex. When the rivet head is
squeezed, the rivet shank is placed under a compressive force that
tends to enlarge the rivet hole (Fig. 9a). Generally speaking, this
effect induces a plastic deformation in the rivet hole, meaning that
when the squeezing force is released, the residual circumferential
stresses are compressive (an advantage insofar as fatigue life is
concerned). If this effect is not high enough to induce a yield
condition in the rivet hole, the residual stress field is negligible. In this
case, at the rivet/hole interface, there is a stress field induced by the
deformed rivet that tends to enlarge the hole and to generate tensile
circumferential stresses.

Because of the fact that the joint analyzed has a tensile residual
circumferential stress in the most stressed point, fatigue life could be

decreased. This behavior is a consequence of a failure to achieve the
yield condition during the riveting process in the T-cleat (see Fig. 9b,
which shows the yield zone after the riveting operation). Figure 9b
clearly shows that the plastic field only affects the zone near the rivet
hole on the stringer. The values of the principal stresses at the most
stressed point at different loading conditions are shown in Table 4.
The behavior of the principal maximum stress at the rivet/hole
interface is similar to the behavior of the circumferential stresses.

V. Fatigue Evaluation

The fatigue behavior of Al 8090-T81 was described in detail by
McDarmaid and Peel [29] and in [23]. Equation (1) represents the
mathematical model (R = —1), which is in good agreement with the
reference data of Al 8090-T81 [23,29]:

Ortimr=—1(N) = A - (log;o(N))* + B - (log;(N))*
+ C-log;y(N) + D (1)

The coefficients for this material are A = —7.065, B = 138.64,
C = —-922.14, and D = 2153.6. This expression allows us to obtain
a correlation coefficient R?> = 0.99. Equation (1) gives a good
description of the material fatigue behavior from 5 x 10° to 107
failure cycles. Table 5 shows the alternate fatigue-stress limits
obtained from the experimental fatigue behavior of the material
compared with the alternate/mean stress observed during the
numerical FE analysis in the most stressed point.

Under maximum loading conditions, the most stressed point
remains in an elastic field, meaning that a fatigue-life evaluation
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Fig. 8 Stress under loading conditions and residual stress in the most stressed hole of the T-cleat (path 1) as obtained from FE analyses.

based on stress was carried out using the maximum principal stress 0, \2

(near circumferential stress), since the other main stresses were able 04(N) = Otimg=—1(N) - (1 - (?) ) @
to be neglected, due to their low intensity. The mean stress effect on !

the alternate fatigue-stress limit was in no way negligible. Different

methods can be used to consider its influence: Goodman, Gerber, The numerical results are in excellent accord with the experimental
Soderberg, and ASME-elliptic are just some of these methods [30]. results; Fig. 10 shows the Haigh diagrams corresponding to the
In this paper, we used Gerber’s equation (2) to consider the effect of failure conditions expressed in Table 5. This figure clearly shows that
the means stress, due to the fact that it is in good agreement with the the failure stresses obtained from the FE analysis closely resemble
available failure data on metals [31]: Gerber’s curves regarding the corresponding specimen. The effect of

Table 4 Principal stresses in the most stressed point of the T-cleat

Stress, MPa
Stress type  Residual stress, MPa Applied load P3, Applied load P3, Applied load P2, Applied load P2,
Pin = 1.96 kKN P = 19.6 kN Puin =2.16 kKN P =21.6 kN

oy 29.2 456 192.7 472 209.0
on 7.0 77 14.2 7.9 14.9
o —14.8 —14.0 ~13.8 ~14.0 ~13.6

Table 5 Comparison with experimental and numerical values for stress to failure

Specimen Max load, kN  Failure cycles N Alternate fatigue-stress limit for Gerber alternate limit Alternate stress Mean stress
N failure cycles 0y, g—_ (N), MPa (R = 0.1) 0y, g—0.1 (N), MPa  (FE results), MPa  (FE results), MPa
P2 21.6 830,530 87.4 80.0 80.9 128.1

P3 19.6 1,750,630 80.9 75.5 73.5 119
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Fig. 10 Haigh diagram for specimens P2 (left) and P3 (right).

the residual stress in the most stressed point was taken into account as
a shift of the mean stress value of the load paths in the Haigh
diagrams.

VI. Conclusions

In this paper, the fatigue life of ariveted Al 8090 T-cleat joint, used
in helicopter fuselage panels, was analyzed in detail using both
experimental and numerical approaches. This analysis was per-
formed on two specimen panels, tested using different fatigue-load
ratios. The stress—strain fields of these panels were also numerically
studied using three finite element models. The use of a submodeling
technique in the FE approach was taken into consideration in order to
investigate the stress state in the rivet area. A complex in-depth
simulation of the entire riveting process was carried out in order to
obtain a complete stress map that also considered the residual
stresses. Since the riveting process induces high deformations of the
rivet head, this simulation required an explicit FE solver, general
contacts, and the arbitrary Lagrangian—Eulerian remeshing algo-
rithm. As previously mentioned, the complete series of analyses
describe an accurate stress map in the rivet zone. In particular, by
observing the stress distribution on the T-cleat, it is possible to
accurately localize the points at which the fatigue crack occurs.
Based on the information obtained from the FE model regarding the
stress fields, a fatigue analysis was conducted using the literature
available on the fatigue data of Al 8090-T81. The results of this
assessment are in excellent agreement with the results obtained from
the full-scale component test.
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