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Virtual testing of self-piercing rivet connections

Abstract

The automotive industry is currently trying to replace the conventional steels to lightweight ma-
terials such as aluminum or carbon �ber to meet all stricter emission targets. When using such
materials, traditional joining methods, such as spot welds, could be di�cult to use. Therefore,
more focus has been put on self-piercing rivets (SPR).

In whole car models used in crash simulations, substitution models are used to model SPR joints.
It is important to calibrate these models for di�erent load cases. Volvo Cars Corporation (VCC)
are currently calibrating using time-consuming physical tests where the SPR joint is subjected to
loads in di�erent directions. To save time, a way of virtually evaluating the SPR joint strength is
therefore sought after. To do this, a method was developed using non-linear FEM in LS-DYNA.
The method was then used to perform sensitivity studies concerning friction, sheet thickness and
rivet geometry.

The method developed can be divided into three parts. The process simulation, where the rivet
insertion was simulated. A springback analysis, where the material is allowed to springback, closer
resembling the real behaviour. Finally, the three destructive tests, lap-shear, cross-tension and
KS2, were built using the geometry and initial values from the springback.

For the process simulation, an explicit solution was used. To handle the large deformations present
during the event, r-adaptivity was used together with a kill-element-method to describe failure,
based on CrachFEM or Gissmo. The following springback analysis was then performed using one
implicit step.

For the destructive tests, a solid element representation of the SPR joint was created using the
geometry and initial values from the springback. A shell-solid hybrid model was used to keep the
computational time low.

Using the method, a good correlation was found both for the process- and the destructive test
simulations when compared to experiments. Furthermore, it could be concluded that friction, sheet
thickness and rivet geometry a�ects the SPR joint strength and characteristics.
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1 INTRODUCTION Virtual testing of self-piercing rivet connections

1 Introduction

To meet the all stricter emission targets, the automotive industry is looking toward replacing the
conventional steels to lightweight materials such as aluminum. Traditionally, steel components have
been joined using spot welds, a technique presented with di�culties when joining aluminum ma-
terials and practically impossible for dissimilar material combinations. Therefore, the automotive
industry is looking toward extending the usage of aluminum joining techniques such as self-piercing
rivets (SPR). The extended use has increased the need of understanding the mechanics of the SPR
joint, shown in an increased number of papers published on the matter, where one trend has been
to create �nite element models of the SPR process [1]. The need for this kind of knowledge arises
as more accurate models for crash simulations are needed. Modelling rivet connections in a com-
plete car model is currently done using substitution models such as beam elements and spot weld
formulations [2, 3, 4]. Complete SPR geometry can not be represented in a full vehicle crash due
to the mesh resolution. Examples of such connections are shown in Figure 1.

(a) SPR represented by a one point connector
between two sheets [4].

(b) Substitute SPR connection using a
beam-element.

Figure 1: Examples of substitute SPR connection models used in car-crash models.

Volvo Cars Corporation (VCC) are currently using physical destructive tests to obtain data to
calibrate their substitution models. To calibrate such a model, extensive physical testing where the
SPR joint is subjected to multiple load cases is needed. The process of conducting these physical
tests is often time-consuming, spanning months. A way of virtually testing the SPR joint strength
is therefore sought after to reduce the time needed to calibrate the simpli�ed connector models as
well as evaluate the e�ect of design and process parameters.

1.1 General self-piercing riveting process

Self-piercing riveting is a mechanical joining technique where two or more sheets are fastened
together using a self-piercing rivet. The joint is achieved by piercing the rivet through the top sheet
and into the underlying sheets before forming the mechanical connection, in a so called cold forming
process. In Figure 2, the di�erent parts that are involved in the process are presented.
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1 INTRODUCTION Virtual testing of self-piercing rivet connections

Figure 2: The components used in the SPR process [5].

The SPR process can be divided into six steps, as shown in Figure 3. Initially, the sheets are
positioned where the connection is required. The second stage is the holding stage. Here the sheet
is clamped together around the rivet position. The third stage involves piercing. Here the rivet is
driven through the top sheet, piercing a hole in the top sheet. Following this, the stamping and
forming of the sheets and rivet occur, where the rivet and sheets are stamped and the rivet 
ares
outwards in a forming process. The �nal stage is the setting stage. This is where the connection is
�nalised and the rivet has formed the interlock between the sheets.

Figure 3: The di�erent stages of the SPR process [5].

Some advantages and possible disadvantages for SPR connections compared to traditional joining
techniques are presented in Table 1 [6, 1].

2
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Table 1: Advantages and disadvantages when using SPR connections compared to
traditional joining techniques [6, 1]

Advantages

The process is environmentally friendly. No fumes, no
sparks, produces little noise and low energy requirement.

It is a clean process that is easily maintained in the car
body shop.

Has the ability to join dissimilar materials.

No requirement for pre-drilling and alignment.

Ability to join with adhesives and lubricants.

Short cycle time.

High static strength and good fatigue resistance joint [1].

Ability to join unweldable materials or di�cult to weld ma-
terials.

Long tool life. more than 200 000 operations before replace-
ment.

No thermal e�ects on surrounding material.

Water tight joints can be produced.

Available in di�erent variants (portable, robot-mounted
and multi-head machines) that are easy for automation and
process monitoring.

Possible
disadvantages

This technique is only applicable for deformable, non-brittle
materials.

Double-sided access is required.

Creates a deformed zone where material forms a circular
button and the rivet side may not look estetically accept-
able sometimes.

Risk for galvanic corrosion depending on material.

1.2 Common rivet joint strength tests

The strength of the SPR joint is evaluated using destructive tests. To capture the varying load
cases a rivet joint can be subjected to in a car, it is important to perform multiple destructive
tests where the rivet joint is exposed to a load in di�erent directions. Three common destructive
tests are lap-shear, cross-tension and KS2, all visualised in Figure 4. While the lap-shear test only
is performed in one direction, cross-tension and KS2 tests can be performed in di�erent directions
by changing the angle of the applied load.

3
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(a) Lap-shear. (b) Cross-tension. (c) KS2.

Figure 4: Examples of test-coupons used in three di�erent destructive tests.

1.3 Literature review

There are a number of previous studies concerning self-piercing rivets, both experimental and
numerical. Here the key points from the literature studied for this project will be presented.

1.3.1 Experimental studies

The experimental studies performed in this �eld are a central part of increasing knowledge and
understanding of the self-piercing rivet connection. Studies focus on understanding the behaviour
of the connection during the riveting process and how the behaviour varies under di�erent loading
conditions, static and dynamic. Experimentally, the joint has been analysed using cross-sections of
the rivet connections [2, 7, 8, 9, 10, 11, 12]. In most studies, a combination of the force curves and
cross-sections are used [1, 13, 14, 15, 16, 17, 18, 19, 20]. The experiments are performed to help aid
the development of numerical models and help to establish measurable parameters for increasing
the quality of the process and joint [1].

Testing the static and dynamic behaviour of the connection is necessary for evaluating the mechan-
ical properties of the joint. In previous studies, it has been shown that the self-piercing rivet joint
o�ers comparable static strength and superior fatigue resistance compared to clinching and spot
welding [21, 5]. Although there have been several studies within the industry and a lot of research
has been performed, there is still no international standard for evaluating the SPR connections [6].
However, there are a few test con�gurations that are found in multiple reports and are commonly
used. Lap-shear, cross-tension and peeling are the most common con�gurations, where the �rst one
is the most commonly used. Since there is no established standard for the test, there is hardly any
possibility for comparisons between test results from di�erent reports. Sample sizes, con�gurations
and methodology usually di�er depending on the researcher.

In [22], an alternative experimental model for analysing 
aring in SPR joints is presented. The
model involves data analysis and examination of cross-sections of SPR connections. A linear rela-
tionship between the force-displacement and the start/end of the rivet 
aring was found. According
to the study, this model can be used directly to estimate rivet 
aring without the need of a �nite
element model and it is described as a simple but e�ective model.

1.3.2 Numerical studies

Numerical studies have been performed to simulate both the riveting process and destructive tests.
Due to the non-linear behaviour, a common way is to use non-linear FE-models to numerically
describe the events. When simulating the riveting process, the axisymmetric nature of the SPR
joint is often taken advantage of, simulating only half of a cross-section of the process using 2D

4



1 INTRODUCTION Virtual testing of self-piercing rivet connections

axisymmetric models. The large strains involved in the riveting process can lead to heavily deformed
elements. To avoid this, a re-meshing technique is used where a new mesh is generated at a given
frequency. A kill-element method is commonly used to describe the fracture in the top sheet, often
based on a geometric criterion using a minimum thickness of the top sheet. This method has been
used in LS-DYNA using both explicit solutions [7, 17] and implicit solutions [15, 19]. Implicit
solutions have also been used in MSC.Superform (MacNeal-Schwendler Corporation) [18] as well
as MSC.Marc [11, 16].

To obtain a physically based failure, the kill-element method can be coupled with a damage-
and failure model [23, 12]. Joao et al. reported that by using such a coupled model, the need
for re-meshing was removed, eliminating the loss of data and model instabilities presented by the
re-meshing algorithm [15].

The removal of material when a failure occurs is un-physical and Li Huang et al. therefore wanted a
way of describing failure without removing material. The particle based method SPG, which allows
for separation between elements, was combined with solid �nite elements to achieve this. A close
correlation with experimental results was found and the model showed no signi�cant sensitivity to
the main SPG parameters [9].

The main problems identi�ed by the authors are being able to accurately describe both the material
behaviour at large strains as well as the fracture. A friction sensitivity has also been observed.

Following the process simulation, a springback analysis was performed in some studies to allow
some pre-stresses to be released [7, 14, 8, 15]. This allows some elastic deformations to be recovered,
giving a behaviour closer to reality.

To validate the strength of the SPR joint, attempts have been made to use the geometry from the
process simulation in models of the destructive tests. In [24], the author recreated a geometry found
in literature to create a solid element model of a peeling test in ABAQUS. A similar procedure was
performed in [13], also using ABAQUS, but instead using a solid element model for a lap-shear
test built from the process simulations. Similarly to R. Porcaro et al., who used LS-DYNA to
create a lap-shear model [25], no failure criteria or adaptive re-meshing was used in either of the
cases.

To further improve the resemblance with reality, Aman Rusia et al. included initial plastic strains
and stresses when creating their lap-shear, cross-tension and KS2 models. To reduce computational
time, a shell-solid hybrid was used, where the rivet and the material closest to the rivet consisted
of solid hexahedron elements while the rest of the plates consisted of shell elements. The shell-solid
connection was achieved by merging nodes between the solid elements and the shell elements. One
row of shell elements was allowed to overlap the solid elements to be able to transfer torque from
the solids to the shells. Furthermore, a failure criterion was included to take fracture into account
[7].

1.3.3 Failure criteria and material model

Multiple di�erent failure criteria have been tested depending on the material model and solver
used to enable an accurate description of the material behaviour and fracture under large strains.
A common method used for the self-piercing riveting application is to use a geometrically based
failure criterion to describe the failure of the top sheet. When the thickness of the top sheet reaches
a user de�ned minimum thickness, the top sheet is considered separated and some elements are
removed. This method is used both in LS-DYNA [17] but also when using other solvers, such as
MSC Marc [16, 11] or MSC.Superform [18]. The de�ned thickness generally ranges from 0.01mm-
0.2mm, with the size of one element being the rule of thumb. Li Huang et al. discusses problems
seen with using a geometrically based failure criterion. The criterion lacks physical meaning and
it is di�cult to determine a thickness value that is valid for multiple materials [14]. When this
way of describing failure is used, MAT PIECEWISE LINEAR PLASTICITY or Johnson-Cook are
commonly the material models used, although Aman Rusia et al. used the criteria when comparing
di�erent coupled damage models [7].

Grujicic et al. used the Johnson-Cook progressive-damage/ductile-failure model to enable piercing
by the rivet of the top and bottom sheets. The riveting process simulation was not validated using
cross-sections of joints or experimentally obtained force-displacement curves. Instead, models were
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created of the destructive tests. These were then compared to force-displacement curves from
physical destructive tests, showing good agreement [26].

Nicola Bonora et al. extended a Bonora damage model to take the growth process of the void nucle-
ation as well as shear-controlled damage into account and used for the purpose of SPR modelling.
Di�erent material combinations were simulated to demonstrate that this model predicts piercing
characteristics which would be di�cult using simple criteria. The simulations were performed using
MSC Marc as the solver. It was concluded that the numerical simulation could anticipate the be-
haviour during the joining process, but more experimental tests were needed to validate the model
[23].

Michael Buckley et al. showed the possibility of using MF GenYld+CrachFEM models. The criteria
utilises ductile shear fracture (DSF) and ductile normal fracture (DNF) to determine the damage
accumulation together with a kill-element technique. To be able to account for non-linear strain
paths, orthotropic mapping is needed when using adaptive re-meshing. This is not supported for
r-adaptivity in LS-DYNA and, therefore, the material model was reduced to a scalar description
under the assumption of linear strain paths. The simulations showed good results but it is concluded
that the crack propagation su�ers from mesh size dependency [12].

Multiple di�erent criteria have been used together with the kill-element method to describe failure.
Joao Felipe Carvalho de Moraes used the MATBAMMAN DAMAGE model and used accumulated
damage as a failure criterion in LS-DYNA [8]. An other method is to use a criterion based on
e�ective plastic strain as reported by Casalino et al. Some oscillations were seen in the force-
displacement curves initially but after optimisation of the parameters the oscillations were reduced
[27].

A review of di�erent fracture criteria was presented by Li Huang et al. which concluded that a
maximum shear strain criterion and the energy based Cockcroft-Latham criterion showed the best
results when compared to experimental data. It was �nally concluded that the shear strain criterion
was best suited for the SPR modelling purpose [14].

Implementing hybrid models with particles requires di�erent failure criteria compared to conven-
tional FEM. Youcai Wu et al. used SPG-particles together with solid FEM elements in a hybrid
model. A bond-based failure was used based on a critical value for the e�ective plastic strain. When
neighboring particles reach the set value, the particles are disconnected. The critical e�ective plas-
tic strain criterion was set to 0.54 according to previous research [14]. The hybrid model predicted
the geometrical features accurately and was able to handle the large deformations without the need
for extensive tuning or other stabilization. It was concluded that this method of modeling o�ers
an attractive way of simulating complex manufacturing processes [9].

1.4 Aim and objective

The aim of the thesis is to create a numerical tool for testing SPR connection strength virtually in
a time and economical cost e�cient way. The main objective of this thesis is to create numerical
models of the self-piercing rivet process using nonlinear explicit �nite element analysis in LS-
DYNA. The second objective is to validate the models against experimental measurements. The
test can then be used to calibrate substitute models.

1.5 Scope and limitations

The scope of this project is to simulate the SPR process and following destructive tests. The
limitations are:

� Use non-linear FEM in LS-DYNA.

� Use existing material cards at Volvo Cars safety centre and modify them if needed.

� All tools are considered rigid.

� Fracture in rivet is not considered.

� Data from destructive tests performed prior to the thesis will be used to calibrate the models
of the destructive tests.
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� Three material combination will be considered: DP600 - 6063-T6, DX54 - 6063-T6, 6063-
T6 - 6063-T6. These material combinations are chosen because they are common and have
di�erent characteristics.

� No attempts to optimise or improve the behaviour of the connections are done in this work.

7
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2 Theory

The theory relevant for the work done in this thesis is presented in this chapter.

2.1 Stress state in three dimensions

The stress state of a three dimensional body in any pointP can be described as a stress tensor
given three normal directions, x1, x2 and x3, see Figure 5.

Figure 5: Stress tensor components for an arbitrary continuum body at a point P.

In equation (1), the stress tensor,� , is expressed. Here,� are the shear force components and�
are the normal stresses.

� =

2

4
� x � xy � xz

� yx � y � yz

� zx � zy � z

3

5 (1)

The stress tensor can be expressed in a di�erent coordinate system since it is a contravariant
second order tensor. The stress tensor in a di�erent coordinate system,� 0, is obtained by imposing
a transformation matrix, A , according to the operations in equation (2).

� 0 = A�A T (2)

At any point in the body, the stress has three principal stresses. By transforming the coordinate
system so that the stress components are in the normal direction of the body, the principal stresses
are obtained. All the components in the stress tensor are dependent on the orientation of the
coordinate system, but the tensor as a physical quantity is independent of the orientation of the
coordinate system. Every stress tensor has invariants, which are also independent of the coordinate
system. Since the stress tensor is a second order tensor it has three invariants,I 1, I 2 and I 3. The
invariants are obtained through solving the eigenvalue problem of equation (2). The stress tensor
can be decomposed into two separate parts, a hydrostatic and a deviatoric part. From the deviatoric
part, another set of invariants are generated,J1, J2 and J3 [28].

2.1.1 Stress triaxiality and Lode parameter

To determine the stress state acting on a body, the stress triaxiality,� , and Lode parameter, � ,
are normally used. The stress triaxiality is de�ned as the fraction between the hydrostatic or mean
stress,� m , and the equivalent von Mises stress,� e,

� =
� m

� e
: (3)

In some cases the triaxiality is multiplied with a scale factor, or the sign reversed, since no unique
scale is de�ned. Figure 6 shows some load cases for di�erent triaxialities.
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Figure 6: Load cases for di�erent triaxialities.

The hydrostatic pressure is de�ned as the mean of the three main stress components as

� m =
� ii

3
=

� 11 + � 22 + � 33

3
(4)

and is therefore also referred to as the mean stress. Von Mises stress is de�ned using the second
invariant of the stress deviator, J2, as

� e =
p

3J2 (5)

where the second invariant is equal to

J2 =
Sij Sij

2
: (6)

Sij is the stress deviator obtained from

Sij = � ij � � m � ij (7)

where the tensor� ij is the Kronecker delta.

Lode parameter can be expressed using the third invariant,J3, and the Von Mises stress,� e,
as

� = �
27
2

J3

� 3
e

(8)

where the third invariant is obtained through the determinant of the stress deviator as

J3 = det(Sij ): (9)

Lode angle is de�ned as the rotation around the hydrostatic axis in the perpendicular plane and
has the range 0� � � �

3 [29].

In Figure 7, a visual representation of Lode angles is presented together with von Mises and Trescas
yield surfaces.
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Figure 7: Lode angle together with von Mises and Trescas yield surfaces [30].

2.2 FEM in LS-DYNA

Under this section, some theory behind non-linear FEM in LS-DYNA [31] is explained.

2.2.1 Explicit and implicit time integration

The equation of motion, neglecting the damping terms, can be formulated as

M •d + F int = Fext (10)

where •d are the nodal accelerations,F int are the internal and Fext are the external forces acting
on the system. The mass matrix,M , is obtained from performing the following integration over
the element domain of each element,

M =
n eX

e=1

ZT
e

Z

Ve

� H T H dVZe (11)

where Ze is the location matrix, H is a matrix containing the shape functions, � is the density
and Ve is the element volume. The internal forces,F int , are obtained from a similar integration
as

F t +� t
int =

n eX

e=1

ZT
e

n iX

i =1

! i det (J i ) B T
i � i (12)

where B is obtained multiplying the operator matrix L with H , J is the Jacobian, � is the stress
tensor and ! i is the weight factor of integration point i. The external forces, Fext , are obtained
through adding two integrations, one over the volume and one over the body surface, as

Fext =
n eX

e=1

ZT
e

Z

Ve

� H T gdV +
n eX

e=1

ZT
e

Z

Se

H T t dS (13)

where g is a vector containing the gravity accelerations andt is a vector containing the surface
stresses.

The variable of interest is the displacement. To obtain this from the equations of motion, explicit
or implicit time integration can be used. Explicit time integration is commonly performed using a
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central di�erence time integration scheme. During the initialization, the mass matrix is computed
and the velocity at the next half time step is approximated using the initial velocity and initial
acceleration as

_d
1
2 � t = _d0 +

1
2

� t •d0 (14)

where � t denotes one time step. The computation then moves into a loop where the same procedure
is followed for each time step. First, the total displacement in the next time step is calculated
using

d t +� t = d t + � t _d t + 1
2 � t : (15)

This is then used to calculate the displacement increment by subtracting the displacement from
the current time step. Using this, the strain increment followed by the stress increment can be
calculated, and the stress increment can then be added to the total stresses. Next, the internal
force vector is updated using equation (12). When the internal forces are known, the acceleration
in the next time step can be approximated using

•d t +� t = M � 1 �
f t +� t
ext � f t +� t

int

�
: (16)

In a similar manner to equation (14), the velocity in the next half time step is then obtained
as

_d t + 1
2 � t = _d t + 1

2 � t + � t •d t +� t (17)

and then the loop continues until the termination time is reached. To obtain a stable solution using
explicit time integration, a su�ciently small time step must be used. Explicit time integration is
what is called conditionally stable [32]. The critical time step, which if exceeded will result in
unstable solutions, is de�ned as the time for a wave to propagate through the smallest length of
one element. The time step is calculated using

� tcrit =
le
c

(18)

where le is the smallest element length in the model andc is the velocity of a wave travelling
through the material. The velocity c is de�ned di�erently depending on if it concerns the 2D-
continuum, which is the case for shell elements, or the 3D-continuum, which is the case for solid
elements. For shell elements, the velocityc2D is de�ned as

c2D =

s
E

(1 � � 2) �
(19)

and the velocity c3D is obtained from

c3D =

s
E (1 � � )

(1 + � ) (1 � 2� ) �
(20)

where E is Young's modulus, � is the Poissons's ratio and� is the density [33].

Implicit time integration is what is called unconditionally stable. The calculations are stable re-
gardless of the time step. A common method used for implicit time integration is the Newmark
method. The velocity in the next time step is calculated using both the current acceleration and
the acceleration in the next time step as

_d t +� t = _d t + � t
�

(1 � 
 ) •d t + 
 •d t +� t
�

(21)
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and the displacement in the next time step as

d t +� t = d t + � t _at +
1
2

� t2
�

(1 � 2� ) •d t + 2 � •a t +� t
�

(22)

where 
 and � are Newmark constants. This method is based on the assumption that the variation
in accelerations between time steps follows a linear behaviour.

Explicit time integration is preferred when looking at rapid events with large deformations, such
as car crashes or explosions, while for quasi-static events with smaller deformations an implicit
solution could be preferable [32]. LS-DYNA is one multi-physics simulation software that can be
used for solving nonlinear dynamic and transient �nite element analysis using both explicit and
implicit time integration.

2.2.2 Element formulations

For axisymmetric cases involving large deformations, LS-DYNA's volume-weighted axisymmetric
2D solid elements are preferred (ELFORM=15). Although the elements are de�ned as shell ele-
ments, they share constitutive models with 3D solid elements. For this formulation, it is possible
to use either under-integrated elements with one integration point at the centre, as seen in Figure
8a, or to use fully-integrated elements with four integration points positioned in a Gauss quadra-
ture, as seen in Figure 8b. Using fully-integrated elements often improves the accuracy but at the
cost of increased computational time, since calculations need to be performed for each integration
point.

(a) For under-integrated elements, one integration
point is located in the centre of the element.

(b) When using fully-integrated elements, four
integration points are positioned in a Gauss
quadrature.

Figure 8: Visualisations of fully- and under-integrated shell elements. Nodes are represented
by black dots and integration points by red dots.

Also for 3D hexahedral solid element, there is the option of using fully- or under-integrated ele-
ments. In the under-integrated case, similarly to the shell mesh, the integration point is located
at the centre of the element, as seen in Figure 9a. Using LS-DYNA's element formulation -2, a
fully-integrated element with eight integration points is used as seen in Figure 9b. This element
formulation also accounts for poor aspect ratio.
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(a) When using under-integrated hexahedron
elements, one integration point is used, located in
the centre of the element.

(b) Eight integration points are used for
fully-integrated hexahedron elements.

Figure 9: Visualisation of under- and fully-integrated hexahedron elements. Nodes are
represented by black dots and integration points by red dots.

2.2.3 Contact formulations

Contacts in LS-DYNA are commonly formulated using a penalty-based approach. Consider a slave
side surface approaching a master side surface as seen in Figure 10.

Figure 10: Visualisation of a slave surface approaching a master surface. When the slave
node penetrates the master segment, the distance d is used together with the contact
sti�ness to calculate the reaction force pushing the node back to the surface of the segment.

When the slave side nodes approach the master surface, it penetrates the master surface by a
distance d. LS-DYNA then uses linear springs to calculate a reaction force which pulls the node
back to the surface of the segment. The reaction force is calculated using

Fspring = Kd (23)

where K is the contact sti�ness. How the contact sti�ness is determined depends on the SOFT
parameter used which is determined in the contact card. For SOFT=1 and SOFT=2, the contact
sti�ness is determined using

K = SOFSCL
m

� t2 (24)
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where m is the nodal mass and � t is the time step used. TheSOFSCL parameter is set to 0.1
by default but can be modi�ed by the user to increase or decrease the sti�ness of the contact. The
di�erence between SOFT=1 and SOFT=2 is that SOFT=2 considers segment contact rather than
the node-segment contact considered for SOFT=1.

This example is accurate for one-way treated contacts, which means that only the slave side nodes
are checked for penetration of the master surface. For two-way contacts, both the slave and master
nodes are considered, which often improves the stability of the contact at the cost of increased
computational time. Using a two-way contact, one should expect double the computational time
for the contact.

Friction is de�ned in the contact keyword by setting values for static friction (FS) and dynamic
friction (DS). The parameter VC is used to limit frictional contact stress. The value of VC is based
on the material yield strength, � yld , of the materials in the contact and is calculated using

V C =
� yldp

3
(25)

where the lowest yield strength of the materials considered in the contact is used [34].

2.3 Material and failure model MF GenYld + CrachFEM

MF GenYld + CrachFEM is a material and failure model describing the characterisation of various
materials in explicit �nite element codes. Materials such as metal and polymers are characterised
for both shell and solid formulations in FE codes. The model can be used with commercial explicit
�nite element codes, such as LS-DYNA, Radios, ABAQUS/Explicit and PAM-Crash/PAM-Stamp
[35].

The plasticity part of the material behaviour is described in the MF GenYld (Generalised Yield lo-
cus) module. Models for di�erent yield criteria and hardening are included in this module. Isotropic-
kinematic and anisotropic hardening can also be taken into account to characterise the material
correctly under di�erent load conditions and stress states. Hardening is accounted for by de�ning
a hardening curve, specifying a parameter set or constants for default functions in the MF GenYld
module. Figure 14 presents an arbitrary hardening curve. The same �gure shows what segments
that are obtained through experiments and what is extrapolated data.

Material failure is described in the CrachFEM module. The module describes two fracture modes
for solids and shell element, ductile normal and ductile shear fracture. For shell elements, an
instability model is also de�ned to resolve tensile instabilities. In Figure 11, these three failure
mechanisms are presented.

(a) Ductile normal fracture. (b) Ductile shear fracture. (c) Instability.

Figure 11: Fracture mechanisms in CrachFEM. [35]

2.3.1 Ductile normal

For a two dimensional stress state (a plane stress condition), the fracture strain,� f (von Mises
equivalent plastic strain) can be assumed as a function of the triaxiality,� . In equation (26), this is
expressed by the principal stress components. The triaxiality in CrachFEM is scaled with a factor
3 when compared to the formulation in equation (3), denoted as� c. As earlier explained, the scale
for triaxiality is not uniquely de�ned.

� c =
3 � � m

� eq
=

� 1 + � 2p
� 2

1 � � 1� 2 + � 2
2

(26)
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To describe the general three-dimensional stress state (solid discretization in FE-analysis), triaxi-
ality is not enough since it is not unique for a three-dimensional description. A second parameter
is therefore needed for a correct description. In CrachFEM, two formulations exist for describing
ductile normal fracture seen in Figure 11a. The �rst formulation uses triaxiality and the ratio
between the �rst principal stress and the von Mises equivalent stress,� 1=� eq. For a given mate-
rial, the parameters are combined to a ductile fracture parameter called� as shown in equation
(27).

� = �
�

� 1

� eq
; � c

�
=

1 � sd � � c

� 1=� eq
(27)

The parameter sd is dependent on the material. Analytically, the ductile fracture can be described
according to

� f = d � eq�� (28)

where the coe�cients d and q are material dependent.

The second formulation for the fracture strain is expressed as a function of triaxiality and is
analytically formulated according to equation (29).

� f =
� +

n sinh (c(� �
c � � c)) + � �

n sinh (c(� c � � +
c ))

sinh
�
c

�
� �

c � � +
c

�� (29)

The values for� �
n and � +

n correspond to the failure strain under equibiaxial compression and tension
respectively, while the values for� �

c and � +
c correspond to the triaxiality value for the states. The

parameter c is a material dependent coe�cient [36].

In CrachFEM, this criterion is used for shell and solid discretizations. Figure 12 shows how a
normal fracture curve might look for a generic metal material.

Figure 12: Example of an arbitrary normal fracture curve for a generic metal material
showing failure strain as a function of triaxiality.

2.3.2 Ductile shear

Ductile shear fracture is the second failure criteria in CrachFEM that describes shear fracture,
seen in Figure 11b. Here, the equivalent strain at fracture is assumed to be a function of the shear
fracture parameter, � s, see equation (30).

� s =
1 � kS � � c

�
(30)

15



2 THEORY Virtual testing of self-piercing rivet connections

kS is a material parameter and � is the ratio between maximum shear stress and the von Mises
equivalent stress, see equation (31).

� =
� max

� eq
(31)

The maximum shear stress� max is calculated according to equation (32).

� max =
� 1 � � 3

2
(32)

The ductile shear criteria can be used in both plane stress and general three-dimensional stress
condition since � s is dependent on the stress triaxiality and the ratio given in equation (31).
Analytically, the failure strain for a shear fracture with respect to � s can be calculated according
to equation (33).

� f =
� +

s sinh (f (� s � � �
s )) + � �

s sinh (f (� +
s � � s))

sinh
�
f

�
� +

s � � �
s

�� (33)

The values of � �
s and � +

s correspond to the values of� s for equibiaxial compression and tension.
The variable f is a material dependent constant.� �

s and � +
s are the fracture strains at equibiax-

ial compression and tension respectively [36]. Figure 13 shows how a shear fracture curve might
look.

Figure 13: Example of an arbitrary shear fracture curve for a generic metal material,
showing failure strain as a function of triaxiality.

2.3.3 Instability

This criterion describes the local plastic instability for metal sheets. Instability occurs when large
re-distributions of strains in a metal sheet form localized formation causing a thickness reduction
in the metal sheet. This is observed when subjecting a metal sheet to tensile loading conditions.
A schematic �gure of this behaviour is shown in Figure 11c. For 3D elements this thickness re-
duction should be captured by the element and instability is therefore not considered for solid
elements.

2.4 Material model MAT 24

MAT PIECEWISE LINEAR PLASTICITY, or MAT 24 as it is often referred to, is an elasto-
plastic material model that can be used in LS-DYNA. Stress-strain curves are de�ned to explain
the hardening behaviour at di�erent strains. When large strains are expected, the stress-strain
curve is often extrapolated, as seen in Figure 14. If the strain goes beyond this curve during the
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simulation, LS-DYNA linearly extrapolates the curve using the two last points of the curve. Strain
rate dependency can be included by adding multiple stress-strain curves for di�erent strain rates.
MAT 24 also includes the possibility of de�ning a plastic strain based failure [37].

Figure 14: Arbitrary stress-strain curve. The �rst portion of the curve is obtained from
experimental results. The second part is extrapolated to have data for larger strains before
inputing the curve in DYNA.

2.5 Gissmo - Generalised Incremental Stress State dependent damage
Model

Gissmo is a failure model that considers both damage and failure for ductile materials. The model
is de�ned using stress-strain curves for di�erent Lode angles and triaxialities, obtained through
physical experiments. Failure is predicted by evaluating the damage,D . In equation (34), the
failure criteria is presented. The damage,D , is evaluated using the current plastic strain, "p, the
failure strain, " f , and the damage exponent,n.

D =
� "p

" f

� n
(34)

For a three dimensional case, the failure strain is dependent on the triaxiality and Lode angle.
In a two dimensional case, the failure strain is only dependent on triaxiality. Failure occurs when
the damage parameter reaches 1. The formulation in equation (34) is only valid for a constant
stress state. For a time dependent stress state, equation (34) is di�erentiated and equation (35) is
obtained.

� D =
n
" f

D 1� 1=n � "p (35)

To determine when the damage should be coupled to the stress in an element, an instability
condition is implemented. The instability, F , is evaluated according to equation (36) and is obtained
through a similar approach as for the damage.

� F =
n

" v;loc
F 1� 1=n � "p (36)
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The instability is a function of the equivalent plastic strain to localisation, " v;loc . When the insta-
bility reaches the value one, the damage will be coupled to the stress. The e�ective stress tensor,
� ef f , can then be calculated according to equation 37.

� ef f = �

 

1 �
� D � D crit

1 � D crit

� m
!

(37)

D crit is the damage when the instability reaches 1 andm is the fading exponent. The exponent is
calibrated to experimental behaviour and describes the behaviour after damage is coupled.

In LS-DYNA, Gissmo is implemented through the keyword MAT ADD EROSION. Failure strain
curves for di�erent triaxialities and Lode angles can be used as input together with the damage and
fading exponents. In Figure 15, an example of the curve shape for a failure strain vs. triaxiality
curve is presented. The failure strain can also be represented and input as a three dimensional
surface depending on the triaxiality and Lode angles [28].

Figure 15: Example of a typical failure strain vs. triaxiality relationship. [38]
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3 Experimental setup

The experimental part of the thesis is divided into two parts. First, the riveting process, where
the rivet insertion is studied. Second, the destructive tests of the joints that had been performed
before this work began. The setups for these experimental parts are described in the two sections
below.

3.1 Riveting process

To obtain force-displacement curves and cross-sections of rivet joints, tests were conducted at Volvo
Cars Body Components (VCBC) in Olofstr•om. These were conducted for three di�erent material
combinations, aluminum to aluminum and two steel to aluminum combinations. The materials
used together with some process parameters are presented in Table 2.

Table 2: Material combinations that were tested together with corresponding rivets and
process parameters.

Rivet
dimensions [mm]

Top
material

Bottom
material Die

Riveting
speed

Clamping
force

5.5x8-5 6063-T6, 3mm 6063-T6, 3mm
476

Tucker 21mm=s 5.2kN5.5x5.5-5 6063-T6, 2mm 6063-T6 3mm

5.5x5.5-5 DP600, 1.47mm 6063-T6, 3mm

5.5x5.5-5 DX54, 0.7mm 6063-T6, 3mm

Rivets were inserted using a C-frame of the same type as the ones used in production and all
process parameters were set in the control unit, see Figure 16a. A modi�ed punch was used which
allowed for manual loading of one rivet at a time, seen in Figure 16b. The two rivets used are seen
in Figure 16c.
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(a) The C-frame used with punch, die and
control unit.

(b) Punch and die together with the
5.5mm rivet.

(c) The 8mm rivet used for the
aluminum combination where both
plates were 3mm thick (left) and the
5.5mm rivet used for the other
combinations (right).

Figure 16: The experimental setup.

After the insertion of each rivet, a force-displacement curve was shown on the display of the
control unit, as shown in Figure 17. A number of points along this curve were documented for
each riveting test to be used later to compare with the force-displacement curves obtained from
the simulations.

Figure 17: Example of a force-displacement curve shown on the display of the control unit.
The black line shows the registered values.

A number of points along this curve were documented for each riveting test to be used later to
compare with the force-displacement curves obtained from the simulations. Experimental data for
all four combinations are presented in Figure 18. The control unit started collecting data when the
force reached a value of 8.2kN, explaining why all curves start at about 8kN.
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