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Abstract

Riveted joints have different failure mechanisms, some of them associated to the failure of the rivet
itself, and some others associated to the materials to be joined. The failures associated to the
material are mainly due to the stress concentrations at the rivet holes. In joints with metallic
(ductile) materials, these stress concentrations might not play a relevant role in the failure initiation,
but with unidirectional composite (brittle) materials, they do control the failure. The orthotropic
behavior of the materials, and the non-linear contact conditions between the rivet and the hole,
makes the problem not to have a universal solution. Several Finite Element analyses have been
carried out for elementary load cases, different materials and orientations of the fiber, and a two-
steps least squares adjustment has been performed to obtain a polynomial expression of the stress
distributions for all cases. As a result, a tool is provided, allowing the users to easily estimate the
stress distribution (o, 0ss) along the hole contour, and o, along the tangential lines to the hole
circumference, which can be used in failure predictions. All data are available to readers by means of

a spreadsheet with all necessary data to estimate the stress distributions.
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1. Introduction

1.1. Motivation of the work

Materials joined by rivets need, first of all, to be drilled. This fact makes the own drilled material to
be a potential location for failure initiation, due to the stress concentrations originated by the hole
where the rivets will be installed. While for metallic (isotropic) materials, the shape of the stress field
around the hole does not depend on the mechanical properties of the material, for unidirectional
composite materials (orthotropic or anisotropic) this stress field shape strongly depends on the

anisotropic behavior of the material (the orientation of the fiber).

At least, three basic failure mechanism should be taken into account for the materials to be joined,
due to the presence of the holes. The first one is the tension failure, typically appearing
perpendicularly to the applied load and along the line of the reduced section of the joint where the
holes are aligned (Figure 1a). A second failure to be taken into account is the shear failure, which
appears when the holes are near the free end of the material (Figure 1b). A third failure is the
bearing failure, originated by compression stresses in the contact between the rivet and the wall of
the hole in the drilled material (Figure 1c). For sure, there are other failure mechanisms associated

to the joining element (the rivet), which are not of interest in the present work.
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Figure 1. failure mechanisms

For each one of these failure mechanisms (tension, shear and bearing) there is a clear stress
component responsible for the failure onset (Figure 1), namely oy for tension, ok, along the

tangential lines of the expected failure path for shear, and o, (in compression) for bearing.

Let us take into account that each rivet row has two kinds of loads, the transfer load (the part of the
load which passes to the other material through the rivet) and the by-pass load (which remains in

the same material). If the rivet has interference with the hole, there are also self-equilibrated radial
loads due to this interference (these loads will not be considered here). Neither load transferred by

friction nor thermal loads will be considered in the present work.

For isotropic materials, the maximum value of the stress component (normalized with respect to a
certain remote nominal stress) and its location along the hole boundary, are typically well known.
For example, for the by-pass load component, the maximum circumferential normal stress owgis
located at 902 with respect to the load direction, and its concentration factor with respect to the
remote normal stress depends on the ratio w/d (distance between centers of holes / diameter of the
hole) and it is typically slightly higher than 3 (099 max/ Gnom=3 for an infinite plate width, with a single
hole w/d—>e<). Nevertheless, this is unfortunately not the case for unidirectional composite
laminates, where, both the location and stress concentration factor strongly depend on the fiber

orientation and orthotropic mechanical properties.



1.2. Review of previous works

To the best author’s knowledge, there are few publications which helps to completely estimate the
shape and value of the stresses around the hole for different load cases. In particular, the
EUROCOMP Design Code [1] (Chapter 5, pages 172-177) provides, for different elementary load
cases: transfer load in tension (and compression), by-pass load in tension (and compression) and
shear (with both signs), the values of owand o, along the hole circumference, and o, along the

tangential lines to the hole, parallel to the load direction.

Griber et al. [2] employed analytical methods in anisotropic multilayered fibre-reinforced
composites with pin-loaded holes developed on the basis of layer-related solutions; their analytical
results were confirmed in numerical calculations. Savin [3] and Lekhnitskii [4] studied plates with
holes of various shapes, mainly in isotropic media, with similar results but different approaches:
Savin using an integro-differential method, and Lekhnitskii a series one. Regarding infinite
anisotropic plates, other analytic solutions for determining stress and displacement fields of plates
with holes were addressed by Hufenbach et al. [5], Daoust and Hoa [6], Ukadgaonker and coworkers
[7,8,9], and Sharma [10]. Hufenbach et al. [5] considered several angles of loading and fiber
orientations using the conformal mapping and the Schwarz formula to simplify the evaluation of
stress functions in the solutions of Savin [3]. Daoust and Hoa [6] used a mapping function only on a
unidirectional 0° single layered plate. Ukadgaonker [7,8,9] obtained a solution for a biaxial loading
problem based on Gao’s approach [11]. Other authors, like Hirashima [12] obtained the stress and
displacement fields using the successive approximation by the point matching technique based on
the exact solution of an anisotropic elastic body containing two or more elliptical openings under
longitudinal shear applied at infinity. Tan and Gao [13] studied a quadratic isoparametric element
formulation of the boundary element method (BEM) for the 2-D analysis of anisotropic bodies with
stress concentrations. Hafiani and Dwyer [14] used the edge function method for anisotropic

elasticity based on the complex variable formulation and on the superposition of analytical solutions



to the field equations. More recently, by Zappalorto [15], obtained the solution for the near and far
field in finite orthotropic plates with holes, but the solution for stresses was limited to the mid plane

of the plate.

Considering orthotropic plates, Wu and Mu [16] studied stress concentration in orthotropic and
perforated cylinders comparing a finite element analysis with experimental results. Temiz et al. [17]
also conducted finite element analysis of thick composite laminates with a hole under bending loads.
Considering that woven fabric composites are orthotropic materials, Pandit et al. [18] and Toubal et
al. [19] compared experimental tensile strain fields with approximate theoretical stress solutions on
plain-woven fabric composites in the presence of holes; theoretical stresses were determined from
existing models such as Lekhnitskii’s model [4]. Karakuzu et al. [20] analyzed experimentally the

failure of woven layer composites with holes under pin-joint testing.

With respect to composite plates, Ukadgaonker and Rao [7], Kaltakci et al. [22], and Rao et al. [21]
studied the stress field around holes in symmetric laminates: the former analyzed triangular holes
with blunt corners, the second one plates containing circular holes, and the last one, around
rectangular and square cutouts. Other laminate sequences were studied by Rybicki and Schmueser
[23] who analyzed stresses around circular holes in laminated plates using a 3-D finite element, with
iso-parametric compatible displacement elements; in particular, they investigated the tangential
strain distribution around circular holes for a [0/+45/0]s laminate, and the effect of changes in
stacking sequence and lay-up angle on the interlaminar normal stress distribution around the free
edge of the hole. Lin and Ko [24] used the Airy stress function in terms of full Laurent's series and a
complex variable technique, in conjunction with the least-squares "boundary collocation method",
to predict laminate strength for various hole sizes, layups, material properties, and loading
conditions. Hundman and Horn [25] performed a stress analysis by three approaches (analytical,
FEM and experimental) of a composite plate to examine the effects of bonding a plug in a centrally

located hole. Kelly and Hallstrom [26] performed an experimental and numerical study on the effect



of laminate stacking sequence and geometry on the bearing strength of fibre reinforced laminates
manufactured from non-crimp fabric. Khechai et al. [27] examined cross-and-angle-ply laminated
composite plates with single circular holes by the FE method. Similarly, Wu et al. [28] developed an
analytical method to calculate stress around interference fit holes on composite pinned plates, and
studied the effect of ply properties, ply stacking sequence and load level on stress distribution. In
recent years, Pyl et al. [29] experimentally evaluated 3-D printed composite parts reinforced with

continuous fibers to reduce stress concentrations around holes.

As a summary, stress distributions reported in [1] are quite useful to predict the three potential
failure mechanisms appearing in the drilled material. Nevertheless, the information in [1] has the

following limitations:

e |nthe case of unidirectional composite materials, results are limited to 0° and 90° in the
fiber orientation. When a different orientation is considered, the mid-plane symmetry is lost
due to the internal structure of the material and no results are available for these cases.

e The shape and values for each stress component is given for composite materials with a
volume fraction (vs) of 35 % (had lay-up) and 60 % (pre-pregs), without giving any
information of the orthotropic mechanical properties of the materials. Stresses are
considered to be equivalent in shape and value when v is the same, irrespective of the

values of the mechanical properties, fact which might be questionable.

1.3. Objective and structure of the work

The main objective of the present work is to complete the useful information, as that given in [1],
including detailed stress distributions for any fiber orientation (not only 0° and 90°) and for specific
material systems (Glass Fiber Reinforced Polymers “GFRP”, Carbon Fiber Reinforced Polymers
“CFRP”, and isotropic materials) as well as to provide a practical tool to have a good estimation of

the three stress component values, without the need to develop any Finite Element Model (FEM).



For that aim, a detailed FEM analysis, considering the nonlinear boundary condition given by the
unilateral contact condition between the material and the rivet has been developed and solved for a

number of particular cases.

In Section 2, the numerical model will be detailed, including some particular discussions about the
influence of the presence of the rivet in the obtained stress distributions. In Section 3, the results
will be presented and conveniently organized to allow an interpolation procedure to be used for
estimating stresses associated to fiber orientations not explicitly included in the analyses. In Section

4 some practical considerations and conclusions will be given.

2. Numerical model

2.1. Description of the model and load cases

The FEM numerical model is very simple, but some details will be given in what follows to clearly set
the framework of the analysis. Let us remember that, first of all, we need to obtain the reference
curves depicted in [1] but without having the information of the material properties, or the explicit

boundary conditions of the problems.

The geometry is a representative volume of a riveted joint (for one rivet). We have used the same
w/d ratio (distance between rivets / rivet diameter) equal to four, used in [1]. In the hole, unilateral
frictionless contact has been defined using a circumference representing the boundary of the rivet.

Neither clearance nor interference conditions have been considered between the rivet and the hole.

As in [1], six elementary load cases have been analyzed, for which the following displacements and

loads apply. Figure 2 shows the load cases under study.
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Figure 2. Elementary load cases considered for the analyses.

Transfer load (in tension (Figure 2a) and compression (Figure 2b)): The part of the load passing to
the other material in the joint, through the rivet, has one case in tension and another in
compression. Due to the nonlinear contact condition between the rivet and the drilled material,
both cases are completely different and have to be analyzed separately. The left (right) hand side of
the model has a constant normal stress in tension (compression), while the right (left) hand side of
the model is stress free. The upper and lower edges have been coupled in the FE model, by pairs of
nodes (with the same horizontal, x coordinate), so all degrees of freedom are equal for each pair of
coupled nodes. This condition makes the deformed shape of both edges to be equal, and by
repetition of this representative volume (in the vertical direction) a multi-row joint can be modelled.

No details are given in [1] for the applied boundary conditions at these edges.



By-pass load (in tension (Figure 2c¢) and compression (Figure 2d)): The part of the load not passing
through the rivet has also one case in tension, and another in compression. Despite now, there is no
rivet transferring load to the material, the different deformed shapes obtained in tension and
compression, makes the contact between the rivet and the material to appear in completely
different parts of the hole perimeter. Here, the left hand side and right hand side of the model are
loaded, both with a constant normal stress in tension (or compression). For tension, the contact with
the rivet geometry appears at the upper (902) and lower (2709) sides of the hole contour, while in
compression the contact appears at 02 and 1802. This contact, generates a local g; distribution, in
compression, which affects the local oy stress distribution (around 902) as can be clearly observed
in theoye plots in [1], nevertheless the a; stress distribution is not reported explicitly in [1]. For these
cases, also the coupled condition between nodes having the same x coordinate has been used in the

model.

Shear load cases (both signs (Figures 2e and 2f)): The cases of pure shear stresses at the edges have
also been considered to compare with the reference publication. Here, no coupling condition is used
in the boundaries of the model, as the four edges of the model have constant shear stresses

boundary conditions.

For the case of by-pass load loaded in tension, results have been obtained with, and without, the
rivet contact condition. Results will be finally presented without the contact condition (which could
be equivalent to a small clearance between the rivet and the hole diameter), as this case represents

a conservative (higher stress values for oyg) solution.

Similarly as done in [1], results will be obtained along the hole contour for ogand o, while the

shear stress oy, will be obtained along the tangential lines to the hole, parallel to the load direction.
Both owand o;- typically take their maximum values at the hole contour, while oy, , which is zero at
the hole, typically takes its maximum value along the tangential line to the hole parallel to the load

direction, at a distance between 0.2 and 0.5 times the diameter of the hole (depending on the load



case, material and fiber orientation). In all cases, the computed stresses will be normalized by a
remote stress, on=F/(w-d) or op=F/(t-d), where F is the resultant transfer (or by-pass) load, w is the
width of the representative volume, d is the hole diameter, and t is the thickness of the drilled

material.

2.2. Material properties

Three materials have been considered in the present work, their mechanical properties being
summarized in Table 1. In [1] there is no explicit reference to any material property, just the
information of the volume fraction (vi=35% or 60%). Two unidirectional composite materials have
been used in the models, a Glass Fiber Reinforced Polymer (GFRP) a Carbon Fiber Reinforced

Polymer (CFRP) and an isotropic material (Aluminium).

E11 (GPa) Ez (GPa) G2 (GPa) V12
CFRP 141.3 9.58 5.0 0.30
GFRP 39.5 8.22 4.1 0.26
E (GPa) v
Isotropic | 70 0.3

Table 1. Mechanical properties of the materials used in the analyses.

As will be seen later, in the results Section, the results shown in [1] for a vi=60% are in close
agreement with those obtained in the present work, for the GFRP material. The normalized results
for the CFRP will be shown to be different, although having also a vs close to 60%, typical of a pre-
preg composite. This fact makes the information of the mechanical properties to be relevant to

estimate the results.



2.3. Finite Element Results

For the sake of simplicity, we will only show some particular results obtained with the FEM analysis
developed in ANSYS. Let us take into account that, with 6 elementary load cases, 3 materials and at
least 10 fiber orientations (for the orthotropic materials), the number of numerical simulations carried
out, is close to 180. In particular, we will focus on the Transfer Load in Tension case with a CFRP
oriented at 0°. Figure 3 shows the radial stress component in the problem, at the hole contour (the

polar coordinate system is centered at the center of the hole).
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Figure 3: o in the transfer load (in tension) case.

It is important to note that, due to the applied load, the rivet tends to penetrate the plate. As a
consequence, we have two different zones around the hole contour. The first one is a compressed
area on the right side of the hole. Meanwhile, the other is a free edge due to loss of contact between
the plate and the rivet (see Figure 3). One of the results obtained in the analysis in the point where
the contact is lost, a value which is only equal at both sides (bottom and top) when there is a symmetry

in the internal structure of the material (02 and 909), for the rest of fiber orientations, the symmetry



is lost with respect to the horizontal mid-plane, and the locations where the contact is lost are
different in the upper and lower sides of the hole, as will be shown later (Figure 10).
The fiber orientation plays an important role in this study, since it affects both the position where the

maximum stress takes place, as well as its value.

3. Results

3.1. Summary of the adjustment procedure

Once the numerical model is prepared, several cases have been computed varying: the load case,
the material, and the fiber orientation. To illustrate the results postprocedure carried out to make
the results available to the scientific community, Figure 4 shows the different steps carried out and

its practical application.

For each load case (Transfer Load in Tension, in the example of Figure 4a) and for each material, the
model is solved for a certain number of fiber orientations (). For each fiber orientation, the stresses
(ove, o and oxy) have been obtained. Both oysand o;- have been evaluated along the hole
perimeter (at 7=R), while oy, has been evaluated along the tangential line to the hole, parallel to the

load direction. A schematic representation of ou (r=R, 02<6<1809) is depicted (ouvs|rem) in Figure 4b.

For each one of these stress results, a polynomial fit has been evaluated (ows| poiynomialrit) in Figure 4b,

obtaining the coefficients of the polynomial af* (i=0,1,2,3,.... @ being the fiber orientation).

Finally, (Figure 4c) the different polynomial coefficients are obtained for a finite number of fiber
orientations (). These points are fitted again with another polynomial, by a least squares
procedure, to finally obtain the coefficients ajj (Figure 4c), which allows to estimate (for this
particular example) the stress component oy for this particular combination of load case and

material, and for any fiber angle.
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Figure 4. Schematic representation of the procedure carried out and polynomial fit.

For an accurate representation of the results, around 10 coefficients aj have been obtained for each
previous coefficient af*. Taking into account that the numerical simulations solved in the present
work include: 6 elementary load cases, 3 materials and 3 stress components, and at least 10 fiber
orientations, a minimum of 540 rows of coefficients have been evaluated. For some stress
components (typically ogg) more than one segment has been necessary to accurately represent the
stresses using a polynomial (the polynomial fit has been divided into sectors along the perimeter of
the circumference, and a polynomial fit has been done at each sector), thus, this number of data is

considerably higher than 540 rows of coefficients.

3.2. Postprocedure and polynomial adjustment

With all the cases solved numerically, a Matlab code has been prepared to properly organize the
information and to obtain the above mentioned coefficients. Then, they have been implement in an

Excel spreadsheet, to external users, by simply clicking: a) the load case, b) the material, and c) the



stress component. Once the selection is done, the polynomial regression is presented with all its

coefficients and the stress estimation around the hole is plotted.

Due to the huge amount of data, the information has been made available to users (in the journal),
and are also available at the authors institution web page (www.germus.es). In any case, the
evaluation of the coefficients for a particular case will be detailed in what follows, to show the steps

and intermediate accuracy of the calculations and representations.

Matlab has different functions to make least squares fitting which help us obtain an expression

depending on the fiber orientation. These functions are:

e  Polyfit: This function provides the coefficients of a polynomial of degree n that best fits the
data vector provided.

fxX)=ax"+an_1x" 1+ -+ a;x+ag (1)

Where x depends on the variables considered in the fitting procedure. In the first one (see
Figure 4), it is associated with the angular polar coordinate along the hole contour (&) or the
longitudinal position along the tangential line to the hole (s) meanwhile in the second one, it
is associated with the fiber orientation ().

e Polyval: This function provides the evaluation of a polynomial in the indicated points. The

function should be provided with the polynomial coefficients and the desired point.

Thanks to these functions, we can obtain, in a first step, a polynomial expression to represent the
stress as a function of the position around the hole. Then, with a second interpolation, we reach an
expression depending on the fiber orientation. We make a more detailed explanation in the following

sections.



First polynomial adjustment of FEM results.

The first step, once we have all the information from the numerical FEM solution, is to make a first
least squares fitting of a;- and owalong the hole perimeter (at ¥=R) as a function of the angular polar
coordinate (6) and of oy, as a function of the position along the tangential line to the hole (s) using

Equation (1).

We have to use the stress vector, the position vector (both obtained for the FEM analysis) and the
degree of interpolation in the polyfit function. For each load case, and material, we have carried out
this fitting procedure for a wide range of fiber orientations. This is essential to obtain enough
information to perform the second interpolation in an accurate way.

Figure 5 shows an example of the polynomial fitting for ;- for the transfer load (in tension) case and
02 for the fiber orientation. Both FEM results (in red) and polynomial fitting (in blue) are almost
coinciden. The results are symmetrical, as the internal structure of the materials (fiber orientation of
the GFRP = 09) is also symmetric with respect to the horizontal mid-plane of the problem. The contact
between the rivet and the composite material hole is lost at approximately +842. The stress is

normalized by the bearing stress o, previously introduced.
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Figure 5. First FEM polynomial fitting (o;r for the transfer load case with the fiber at 02)

Second polynomial adjustment of coefficients of the first polynomial fitting.

Having the coefficients for the first least squares step, we must conduct a second one to obtain an
expression as a function of the fiber orientation. To accomplish that goal, we have carried out another
least squares fitting for each coefficient (of the first polynomial), load case, material, and stress

component. For example, we show the following expression for the coefficient a,,.

Ay = Ay X™ + A1 X™ L+ o+ @ X + gy (2)

where x now represents the fiber orientation ().

To obtain an accurate representation of each coefficient of the polynomial, we have included a wide
range of fiber orientations. For each case, different FEM simulations for different fiber orientations
have been carried out to reach a reasonable adjustment. For example, for the radial stress component
o, the following angles have been evaluated in the FEM simulation: [0, 4, 7, 15, 22, 30, 37, 45, 52, 60,
75, 80, 85, 90].

With the first interpolation for each fiber orientation, we have vectors of coefficients a,, related to
each angle. Later, using the polyfit function we can obtain an approximation of these coefficients
depending on the fiber orientation. Thanks to that, we have the different coefficients to obtain the
stresses for the desired angle.

Figure 6 shows (blue circles) the result for coefficient a, of the polynomial fit of ;- at the previously

mentioned 14 fiber orientations, and the red curve is the polynomial fit of these set of points.
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Figure 6. Polynomial fit for coefficient a; of the o, first polynomial fit at different fiber orientations.

3.3. Verification of the model with a fiber orientation not included in the adjustment.

One important point is the verification of the adjustments carried out. We must check if the stresses
obtained, for a fiber angle not included previously, are accurate. For that reason, we have displayed
the stress component o, at the hole contour (#=R) obtained with FEM and also with the obtained
polynomial function for a fiber orientation not used in the least squares fitting (2=562). As an example,
we display in Figure 7 the radial stress (o), normalized with the bearing stress (op), for the Transfer

Load (in tension) case for a GFRP oriented at a=56°.
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Figure 7. Comparison of o; for FEM results and polynomial fit for a particular case (=569).

We observe that the approximation is very good for the hole angular range. Loss of symmetry is also
visible due to the fiber orientation, information which is not available in [1] which only considers
symmetric cases (fiber orientations at 02 and 902) For the sake of simplicity, we only show this case,
but a complete verification campaign has been done for the other load cases, materials and stress
components, observing the same excellent agreement between the FEM solution and the polynomial

one.

3.4. Presentation of other results.

With the numerical simulation carried out, not only the stress profiles have been obtained, a wide
variety of information using the calculated curves with the coefficients has also been obtained. First
of all, it is possible to represent in the same plot, the stresses for different fiber orientations but for
the same material and load case (see Figure 8). We can observe that the stress values are highly

influenced by the fiber orientation. For example, for a material oriented at 0° the maximum stress is



reached at 0°, while, for a fiber oriented at 90°, the maximum value is near 65°. In Figure 8, the stress

orr in normalized by the bearing stress op.

Stresses for different fiber orientations - o,
T T T T

| o° 15° 30°

60° 750 ———o0° |

Figure 8. Radial stress o; for different fiber orientations (Load Transfer and GFRP).

Once we have an accurate polynomial fit approximation, a really useful information can be obtained
from the analysis, as for example the value of the maximum stress and the location where it appears
for each fiber orientation. Thus, taking into account this two magnitudes, we can estimate which is
the most critical fiber orientation. This information is easily obtained through the polynomial
approximations of the stresses, which represents one of the main achievements of the work.

In the studied case (see Figure 9), the maximum stress appears at 8=60° for the carbon fiber. However,
for the glass fiber it is reached near 50°. Regarding the location where the maximum stress appears,
both materials have a similar behavior. They have a trend equal to the fiber orientation angle except

near 90° where it is slightly lower for the CFRP material.
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Figure 9. Evolution of the maximum o, stress and its position (&) with the fiber angle ().

As mentioned previously, another parameter influenced by the fiber orientation is the loss of contact

between the hole and the rivet (see Figure 10), which can also be easily evaluated thanks to the

polynomial approximation of the radial stresses (computed at the point where ;,=0).
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Figure 10. Loss of contact angles vs fiber orientation of the material, for the Load Transfer case.



It is important to highlight that all this information is available for each load case, material, stress
component and fiber orientation (the latter, for the cases of composite materials) thanks to the
obtained coefficients, not being necessary to perform any numerical analyses for that purpose.

As mentioned previously, the tool is available in a spreadsheet in which the user has only to select:
material, load case, stress component and, in the case of the composite materials, the fiber
orientation. Figure 11 shows a general view of the spreadsheet, with the detailed information of all

coefficients (in the rows at the bottom), and the stress plot corresponding to the selected problem.

Stresses VS Position

Material|  GFRP__|2 | Materials Code Case Code’ Component Code
Ca;l T |1 | CFRP. 3 T 1 s 1 16
Component|  sqq |2 | GFRP. 2 T 2 saq
Orientation| 90 1s6tropo 3 BPL+ 3 sxy 3
BPL- 4 3
[ Number of Segments [+ ] Shear+ 5 i
Shear- 6 3
Srr Sagq Sxy. H
Segment1 | [-180°-90°] | [-180°:90°] | [-2-1] TL-> Transfer Load SIT-> Gy, 3
Segment2 | [90°0°] | [-90°0°] [-10] BPL-> By-Pass Load 549 -> Gge Py .
Segment3 | [0°907 | [0°907] 0,1 Shear -> Shear Load SXY > Gy \‘
Segment4 | [90°,180°] | [90°,180°] 121 Position

| f) =afs -6 +af-0°+afy -0 + a0 +af- 62 +afy - 011 +afy- 0%+ af - 6%+ af - 6% +af-07 +af-0°+af-05+af -0 +af 0% +af- 6% +af 01 +af |

Segment1.
a16 [a15 [a14 [a13 [a12 a1 Jato Jao a8 a7 [as [as a4 [aa a2 a1 [0
o o] o o] o o] of 0| 4.364736-15| 4.54139E-12| 2.09201E-09| 5.57494€-07| 9.3673E-05| 0.010136482| 0.68777356| 26.698147| 454.853937
Segment2
a16 Ja1s. Ja1a Ja13 [a12 [a11 Ja10 Jag Ja8 Ja7 [a6 Jas Ja4 [a3 [a2 Ja1 la0
o o o o o] 0| -1.10864E-17| -153874E-15| 3.64314E-13| 1.08818E-10| 1.14837E-08| 6.26069E-07| 1.7979E-05| 0.000210839| -0.0005622| 0.00755067| 1.34812722)]
Segment3
a16 la1s [a14 [a13 Ja12 Ja11 [a10 [ag [a8 [az7 [a6 las Ja4 [a3 [a2 Ja1 Ja0
o 0] o o] o] o] of 0| -8.438126-14] 2.84279-11| -3.95679E-09] 2.98052€-07| -1.3529E-05| 0.000390676] -0.006469| 0.01704757| 1.32639873
Segmentd.
a16 Ja1s. Ja1a Ja13 [a12 [a11 Ja10 [ag Ja8 Jaz [a6 Jas Ja4 [a3 [a2 Ja1 la0
of of of of 0| 0| 4.03511E-16] 4.8660E-13| -2.58879E-10| 7.97293E08| 1.56723E:05| 0.00203956 -0.17575746] 9.67262283| -308.54632| 4349.25833

Figure 11. Spreadsheet made available to users.

Conclusions

The contact problem between a rivet and the material being joined has been analyzed. The stresses
(ove, o and o) responsible for the main failure mechanisms have been numerically computed for a
wide variety of configurations, including six load cases, three materials, and different fiber

orientations.

With all these numerical results, a double polynomial fit procedure has been carried out. The first
step consisting in obtaining a polynomial approximation of each stress component distribution
around the hole (for a particular load case, material and fiber orientation). After computing the

numerical solution for different orientations of the fiber angle, a second step is carried out by means



of a polynomial fit of each one of the coefficients of the first polynomial approximation. This, allows

having a closed stress solution to estimate the stress state around the hole for any fiber orientation.

All the data of this two steps procedure have been conveniently organized (and is available) to be
used for any reader in a spreadsheet, in which the user needs only to select, the load case, the
material, the stress component and the fiber orientation (in the case of a composite material), to

have a complete stress estimation around the hole.

Other valuable information, such as the loss of contact, maximum stress values, or the location of
these maximum stress values are also obtained from the polynomial fitted expressions of the

stresses.
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