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Abstract

Computer simulations are widely used in the truck industry in order
to provide assistance in the product development. Bolt joints are com-
mon in trucks. A bolt fracture usually has a great influence on how a
truck structure will behave in a crash. Therefore, when simulating truck
crashes it is important to be able to predict when bolt fracture occurs. A
material model for 10.9 bolts has been calibrated and validated by using
the finite element software LS-DYNA. The material model consists of a
failure strain surface, which depends on the triaxiality, Lode parameter
and the element size. In this thesis, the calibrated material model is
referred to as the bolt model.

A good agreement to predict the force at fracture in bolts between sim-
ulation model results and physical test results has been obtained. Still,
further validation is needed to evaluate the bolt model completely.
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List of symbols

δij Kronecker delta
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ϵ1, ϵ2, ϵ3 Principal strains
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1
Introduction

Bolt joints are common in trucks. A bolt fracture usually has a great
influence on how a truck structure will behave in a crash. Therefore,
when simulating truck crashes it is important to be able to predict when
bolt fracture occurs.

In order to provide assistance in the product development, regarding
passive safety, Scania is using computer simulations with the finite ele-
ment (FE) program LS-DYNA. To be able to improve the possibilities to
predict bolt fracture in crash simulations, it is necessary to improve Sca-
nia’s bolt model. With a reliable bolt model, expensive physical crash
testing can be reduced. New crash scenarios, or slightly modified crash
tests, can be simulated as well. This makes it possible to evaluate the
crash robustness of Scania products.

Scania’s current model for simulation of bolt fracture can predict fracture
in pure shear and tensile stress states. Developing a new bolt model,
which takes other stress conditions into account as well, is therefore of
interest.

This thesis aim to answer the following question:

• How can a new bolt model, which can take different stress states
into account, be developed in order to predict bolt fracture more
correctly?

The material model *MAT_224 will be applied to develop the new bolt
model. The simulations are evaluated with the explicit solver from the
FE program LS-DYNA, version MPP971s R6.1.2. As a pre- and post
processor Ansa and µETA, respectively, are used. The element type that
is used is the fully integrated solid hexahedral element of type −1. The
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1 INTRODUCTION

bolt model is calibrated for a bolt with a property class of 10.9 and for
a characteristic element length of 3 mm. The material is assumed to be
isotropic and the strain rate dependency is neglected. The bolt model is
validated with different test cases, where in some an M14 bolt is used.
For the case M14, the bolt is modelled with four elements through the
thickness. The diameter of the bolt is modelled correctly but the area is
11% smaller than the real bolt. This is due to faceting, which is caused
by the chosen mesh.

In order to develop a new bolt model, which can predict bolt fracture
for different stress states, several mechanical test specimens that Scania
selected are evaluated. The test specimens were geometrically designed
to have a large variety of stress states at fracture. One goal of this thesis
is to propose which of the specimens that are important and which is
not and eventually propose lacking specimens. For each sample, a force
displacement curve is obtained. The test specimens are then iteratively
simulated in LS-DYNA and compared to the force-displacement curve.
At fracture, the stress state (triaxiality and Lode parameter) and the
equivalent plastic strain are noted, where each result forms a point in
a 3D chart. Using Matlab, an interpolation from the given points are
made to create a failure strain surface. This surface is implemented into
LS-DYNA and various test cases are carried out to evaluate the new bolt
model.

The thesis begins with a theoretic background regarding some basic sub-
jects in solid mechanics. Chapter 3 provides an overview about fracture
simulations, especially the material model *MAT_224 is explained in
detail. The next chapter describes the geometry of the different test
specimens that have been used. How the different specimens have been
modelled and the results from these simulations can be found in Chapter
5. Chapter 6 contains a description of, and the result from, the different
test cases, which have been used to validate the implemented bolt model.
The thesis ends with a discussion and states the conclusions that were
drawn from the presented results. Suggestions for future work are also
provided in this chapter.
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2
Theoretic background

The following section describes briefly the underlying theory for this
thesis.

2.1 Basic equations of solid mechanics

The Cauchy stress tensor is defined as:

σ = σij =


σx σxy σxz

σyx σy σyz

σzx σzy σz

 (1)

where σx, σy and σz are the nominal stresses in the coordinate directions
and σxy, σxz, σyx, σyz, σzx and σyz are the shear stresses. The stress
tensor has the invariants:

I1 = σ1 +σ2 +σ3
I2 = σ1σ2 +σ2σ3 +σ1σ3
I3 = σ1σ2σ3

(2)

where σ1, σ2 and σ3 are the principal stresses. The stress tensor can be
divided into a hydrostatic part:

σm = 1
3

(σx +σy +σz) = 1
3

σkk (3)

and thereby eliminate the hydrostatic pressure from the stress state:

sij = σij −σmδij (4)
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2 THEORETIC BACKGROUND

where sij is the deviatoric stress tensor. δij is the kronecker delta and is
defined as:

δij =

1, if i = j

0, if i ̸= j
(5)

The deviatoric stress tensor has the invariants:
J1 = sii = 0
J2 = 1

2sijsij

J3 = det(sij)
(6)

In fracture mechanics, it is useful to define a cylindrical coordinate sys-
tem in the following way:

z = I1√
3

p =
√

2J2 = √
sijsij

θ = 1
3 arccos

(
3
√

3J3
2J

3/2
2

) (7)

which are the so-called Haigh-Westergaard coordinates, see Figure 1a. z

(a) Haigh-Westergaard coordinates (b) Definition of the Lode parameter, seen
from the π-plane

Figure 1: Definition of the Haigh-Westergaard coordinates

is the projection of the stress tensor on the hydrostatic axis (σ1 = σ2 =
σ3). The plane perpendicular to z is the π-plane and the point S is the
current stress state. p is the magnitude of the deviatoric stress vector
and the Lode angle, θ, is the angle between σ1 and the current stress
state, see Figure 1b. The Lode angle parameter, or Lode parameter, is
defined as:

ξ = 3
√

3J3

2J
3/2
2

= cos(3θ), 0 ≤ θ ≤ π

3
, −1 ≤ ξ ≤ 1 (8)
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2.2 Stress–strain curves and yield surfaces

This parameter is a measure of the load case a material is subjected
to. For example the two extremes, θ = 0 and θ = π

3 and thereby ξ = 1
and ξ = −1, correspond to uniaxial tension and uniaxial compression,
respectively, see Figure 1b. Recent studies, e.g. by Bai and Wierzbicki
[1], have shown that the Lode parameter has an important influence on
fracture. Another parameter that is common in ductile damage inves-
tigations, mentioned by Bao and Wierzbicki [2], is the stress triaxiality.
It is defined as:

η = σm

σvM
(9)

where σvM is the effective von Mises stress, see Equation (13). The
triaxiality is a measure of the stress state, see Figure 2 for different
examples.[3],[4]

Figure 2: Examples of the stress triaxiality stress states

2.2 Stress–strain curves and yield surfaces

Deformation is usually divided into two groups, elastic- and plastic de-
formations. Elastic deformation refers to the deformation which does
not cause any permanent deformation to the material, while plastic de-
formation does. For an uniaxial tensile test, some materials may give the
response seen in Figure 3. The first linear part of each curve shows the
elastic deformation and the second part the plastic deformation. Fig-
ure 3c is similar to the result obtained from a tensile test for bolts. This
type of curve can be modelled by an analytical expression:

σ =


Eϵ, ϵ ≤ ϵs

σs

(
Eϵ
σs

)n
, ϵ > ϵs

(10)

where ϵ is the nominal strain, E is the Young’s module, ϵs is the elastic
strain, n is the strain hardening exponent and σs is the yield stress,
which according to Hooke’s law can be written as:

σs = Eϵs (11)
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2 THEORETIC BACKGROUND

(a) Perfectly plastic (b) Linear strain hardening

(c) Power law strain hardening (d) Strain softening

Figure 3: Different uniaxial hardening types

For a multiaxial stress state, the yield function f is defined as:

f(σij) = σe(σij)−σy (12)

where σe is the effective stress and σy is the yield stress. While f < 0 no
plastic deformation will occur but when f = 0 and ḟ = 0, the material
will flow plastically.

The well known von Mises effective stress, that is commonly used for
isotropic materials, is defined by:

σvM =
√√√√3

2
sijsij =

√
3J2 (13)

The von Mises yield surface is defined by the yield function:

f = σvM −σy (14)

This yield surface forms a cylinder with the hydrostatic axis as the centre
line. As long as the stress is inside the surface, no plastic deformation
will occur. Since the von Mises yield surface is independent of the stress
invariant I1, it will not be affected by the hydrostatic stress.
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2.2 Stress–strain curves and yield surfaces

For an isotropic hardening material and by using the von Mises yield
surface, the yield function f can be written as:

f =
√√√√3

2
sijsij −σf (ϵp

ij) (15)

where σf (ϵp
ij) is the flow stress which increases with the plastic deforma-

tion. Similarly we define the yield function for a kinematic hardening
von Mises material:

f =
√√√√3

2
(sij −αij)(sij −αij)−σy (16)

where αij denotes the backstress tensor, αij = αij(ϵp
kl). Finally, a mix of

isotropic and kinematic hardening are defined:

f =
√√√√3

2
(sij −αij)(sij −αij)−σf (ϵp

ij) (17)

An illustration of these three types of hardening can be seen in Fig-
ure 4,[5],[6].

(a) Isotropic hardening (b) Kinematic hardening

(c) Mixed hardening

Figure 4: Different multiaxial hardening types
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2 THEORETIC BACKGROUND

2.3 Deformation and fracture in materials

A crystalline material, e.g. steel, consists of a crystal structure or grains.
The atoms in the grains are positioned in lines and rows, i.e. a lattice.
If a uniform tensile force is applied to the crystal in all directions, the
atom bonds will lengthen elastically. When the force is removed, the
atoms will return to the original position, i.e. no permanent deformation
has occurred. If instead a sufficiently large shear force is applied, the
atom bonds will brake and the atoms begin to move. The atom bonds
will not brake simultaneously, instead they are braking and reforming
bonds which process requires less energy. When the force is removed, the
material will have a permanent deformation, i.e. plastic deformation has
occurred. This process is usually called slip. Slip causes imperfections
in the crystal, called dislocations, and when the deformation continues,
a large number of dislocations are formed. The dislocations produces
obstacles that causes other dislocations from moving, i.e. the material
hardens.

Fracture is usually divided into two types: brittle and ductile. Brittle
fracture is characterized by the lack of plastic deformation in the mate-
rial, i.e. little energy is needed to fracture brittle materials. This type
of fracture will form a rather flat fracture surface. Brittle fracture is
common in materials with low ductility and toughness. Other materials
with high ductility can also experience a brittle fracture at low tem-
peratures. Several materials have at a certain temperature a transition
area where the material changes from being ductile to becoming brittle.
These transition temperatures are, however, relatively low. Also when
the material is subjected to high strain rates, it will obtain increased
brittle behaviour.

In ductile fracture, there exists a large amount of plastic deformation
before fracture. It is also common that the loaded area has been reduced.
The surface is often irregular and it is also possible to find elongated
dimples and microvoids. For ductile materials, the two crack surfaces
often consist of a cup and cone surface. In Figure 5, an example of a
brittle and ductile fracture is given.

When trying to improve crashworthiness of a vehicle, materials that
tend to brittle fracture are not widely used. The plastic deformation is
important due to its ability to absorb a part of the kinetic energy and
thereby reduce the acceleration of the vehicle.
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2.4 Explicit integration

(a) A brittle fracture (b) A ductile fracture

Figure 5: An example of a brittle and a ductile fracture

2.4 Explicit integration

Two common integration methods in FE simulations are the implicit di-
rect integration and the explicit direct integration. The implicit method
is computational costly for each time step but can use a large time step.
Therefore this method is widely used in low frequency dynamic prob-
lems. The explicit method is less costly per time step compared to the
implicit but it requires a small time step. Hence, this method is fre-
quently used in short event dynamic problems e.g. impact simulations.
The equation of motion is defined as:

Ma = Fe −Fi (18)

where M is the mass matrix, Fe the external load vector, Fi the internal
load vector and a is the acceleration vector. In linear elastic analysis,
the internal load vector can be written as:

Fi = Kd (19)

where K is the stiffness matrix, which is constant, and d is the dis-
placement vector. However, in nonlinear problems K is not a constant,
instead it can vary for each time step. The equation of motion is then a
nonlinear ordinary differential equation and an explicit algorithm solves
this, commonly by a central difference method. This method has the
general form:

dn+1 = f(dn,vn,an,dn−1, ...) (20)

where v is the velocity vector and n is the number of the current time
step. All these variables are known from the current and previous states.
In explicit analysis, the algorithm is stable for an undamped system if:

9



2 THEORETIC BACKGROUND

∆t ≤ 2
ωmax

(21)

where ∆t is the current time step and ωmax is the highest natural fre-
quency calculated from:

(K −ω2M)d = 0 (22)

If ∆t is too large, the simulation will fail and if it is too small the
calculations will be computational costly. One common approximation,
to calculate ∆t, is to use the Courant-Friedrichs-Lewy condition (CFL
condition) which is defined by:

∆t ≤ L

c
(23)

where L is the characteristic element length and c is the speed of sound
in the material. For a solid hexahedral element, c is calculated as:

c =

√√√√√ E(1−ν)
(1+ν)(1−2ν)ρ

(24)

where ν is the Poisson’s ratio and ρ is the density of the material. In
LS-DYNA the characteristic element length, L, is calculated by:

L = V

Amax
(25)

where V is the volume of the element and Amax is the area of the largest
side, [7].
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3
Fracture simulations

There are increasing demands of designing lighter components which
have similar or better strength properties. In order to meet these de-
mands more high strength steels are used which often means reduced
ductility. The risk for fracture, instead of buckling e.g. in a crash event,
is thereby increased. To be able to predict these fractures FE simula-
tions can be used. In this chapter, the basic of fracture modelling in FE
simulations will be explained.

3.1 Failure and damage models

In LS-DYNA, simulations regarding fracture is usually divided into two
groups: Failure and Damage models. They are defined as follow:

• Failure model – Depends on a failure variable and when it reaches
a critical value, fracture is expected. Thereby, this model does not
influence the stiffness of the material.

• Damage model – The strength and/or stiffness of the material
are reduced in function of a damage variable. Thereby, this model
does influence the stiffness of the material.

For example, a simple failure model is:

{ϵ1, ϵ2, ϵ3} ≤ ϵcr (26)

where ϵ1, ϵ2 and ϵ3 are the principal strains. When either of the principal
strains reaches the critical value ϵcr fracture will occur.

To start a discussion regarding damage models, some basic definitions
have to be made. For a simple model, the damage parameter D is defined

11



3 FRACTURE SIMULATIONS

as:

D = AD

A0
(27)

where AD and A0 is the damaged area and initial area, respectively.
The load carrying area is Ar = A0 −AD, see Figure 6. When the damage
parameter reaches 1 the load carrying area is 0, and fracture is expected.
This can be summarized as:

D = 0, undamaged material
0 < D < 1, damaged material
D = 1, completly damaged material

(28)

Figure 6: Definition of the damage parameter

Assume a uniaxial loaded bar subjected to a axial force P . The stress
in the material, σr, is:

σr = P

Ar
= PA0

A0Ar
= 1

1−D
σ (29)

where σ is the standard definition of stress, i.e. σ = P
A0

. Consider the
same bar with a damaged linear elastic material, according to Hooke’s
law (Equation (11)):

σ

1−D
= Eϵ,

σ = E(1−D)ϵ, (30)
σ = E′ϵ,

where E′(D), i.e. the definition for a damage model, [5],[8].

12



3.2 Path dependency

3.2 Path dependency

Path dependency is an important concept in fracture simulation. For
example, if a crash simulation of a steel sheet structure would be able
to predict fracture correctly the rolling effects, forming and assembling
before the actual crash has to be taken into account. An example of
the path dependency concept can be seen in Figure 7. Currently, only
a small number of material models take path dependency into account,
[9].

(a) A beam is first loaded with a force P at the center of the beam. Thereafter, it is
subjected to an equal force P at the edge. The beam is then unloaded and no remaining
deformation can be seen.

(b) Equal forces as in Figure 7a is subjected to the same beam but in reversed order.
At the first load the beam will produce a plastic deformation which can be seen after
the unloading.

Figure 7: A cantilever beam with the length L subjected to the two
forces P in different orders. The beam has a fully plastic moment of
Mpl = PL.

3.3 The material model *MAT_224

The *MAT_224, or the *MAT_TABULATED_JOHNSON_COOK, is
an elasto-viscoplastic material model which is based on the *MAT_024
von Mises material model with viscoplastic formulation. The material
will harden isotropically with this model, i.e. see Figure 4a. A failure
criterion can be used by defining the plastic failure strain, or the failure
strain surface, ϵpf . This parameter can be defined as a function of the
stress triaxiality, Lode parameter, plastic strain rate, temperature and

13



3 FRACTURE SIMULATIONS

element size, i.e.

ϵpf = ϵf (η,ξ)g(ϵ̇p)h(T )i(l) (31)

The failure criterion is defined as:

Fcr =
∫ ϵ̇p

ϵpf
(32)

where ϵ̇p is the plastic strain rate. The element is eroded when a number
of integration points, chosen by the user, reaches Fcr ≥ 1. The model can
be used for shell and solid elements where in this thesis the later will be
used. The plastic failure strain will be defined as a function of the stress
triaxiality, Lode parameter and the element size, i.e. ϵpf = ϵf (η,ξ)i(l),
[10].

3.4 The GISSMO model

The GISSMO model is a damage model which is applicable to all mate-
rial models and can take the material history into account. The GISSMO
model uses a material instability parameter, Ip. The rate of this param-
eter is defined as:

İp = n

ϵloc
Ip

(1− 1
n)ϵ̇p (33)

where n is the damage rate parameter, ϵloc is the strain instability and
ϵ̇p is the plastic strain rate. When Ip = 1 is the material assumed to
be unstable. The current damage is then stored in the critical damage
parameter, Dcrit. The stresses, σ, is thereafter coupled to the damage,
σ, as:

σ∗ = σ

1−
(

D −Dcrit

1−Dcrit

)FADEXP
 (34)

where FADEXP is an exponent for damage related stress fadeout. The
damages evolves as a function of the effective plastic strain, i.e.

Ḋ = n

ϵf
D(1− 1

n)ϵ̇p (35)

where ϵf is the failure strain. When the damage parameter, D = 1, the
stress in that integration point is 0. When a number of these integra-
tions points, chosen by the user, has failed the element will be eroded,
[10].
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3.5 Localization

3.5 Localization

Consider a uniaxial tension test that is pulled until fracture has taken
place. If one tries to simulate the tensile test by defining a hardening
curve using the force displacement data from the test and converting
these values to true stress and strain, the result is often incorrect after
necking due to localization. Localization implies that all deformation
occurs within a small area, typically in the smallest element in the plastic
zone. By changing the mesh a non-unique solution will often result which
is problematic when trying to predict fracture. To handle this, different
methods can be used:

1. Using a converged mesh.

2. A number of element size dependent stress-strain curves.

3. A stress-strain curve that never localizes the current mesh, com-
bined with a element size dependent softening of Young’s modulus
or stress.

4. Using a non-local plastic strain.

The first method often causes a too dense mesh for crash simulations.
Some of LS-DYNA’s failure models uses the second method. The third
and fourth method can be used in some of LS-DYNA’s damage models.
The material model *MAT_224, that is used in this thesis, has however
not the ability to use different stress-strain curves that depends on the
element size. Instead, a parameter called the LCI variable can be used
which scales the ϵpf depending on the element size, [9].
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4
Mechanical experiments

To be able to develop a proper bolt model, different mechanical tests
are necessary. These are used to calibrate the material model. It is
important to choose a set of test specimens that will have a large variety
of stress states at fracture. At the same time it is of course important
to minimize the number of specimens to save time and cost. Therefore,
choosing specimen shapes can be difficult. The specimens will give the
data that is used to form the failure strain surface. In this chapter,
the different mechanical tensile experiments, that have been done for
this thesis, is explained. The different test specimens were selected by
Scania.

4.1 Test specimens

Seventeen different test specimens have been made which are divided
into three groups:

• Group 1: Flat specimens

• Group 2: Flat-grooved specimens

• Group 3: Axisymmetric specimens

These test specimens have been machined from an M48 bolt with a
property class of 10.9. The property class implies that the bolt has an
ultimate tensile strength of 1000 MPa and a tensile yield strength of
900 MPa. For each test the displacement has been measured with an
extensometer and the force was recorded by a load cell. The position
of the extensometer and the place of clamping the specimens were also
noted. Every test of each specimen type has been repeated three times.

17



4 MECHANICAL EXPERIMENTS

The displacement rate has been chosen to get a quasi-static behaviour.
The tests have been conducted in a Zwick Roell Z250 with a 250kN load
cell.

4.2 Flat specimens

Three different flat tensile specimens are evaluated. They have a length
of 200 mm, a height of 42 mm and a thickness of 1.5 mm. The geometries
can be seen in Figure 8a. The exact measures of the specimens can be
seen in Table 1. One specimen type that gives a biaxial stress state is
used, see Figure 8b. Also three different flat shear specimens are used,
see Figure 9. The displacement rate, which each specimen were pulled
with, can be seen in Table 2. Specimen 1.7 is pulled with two pins in the
specified holes. The rest of the specimens are clamped at both ends.

(a) Geometry of the flat tensile
specimens 1.1–1.3

(b) Geometry of the biaxial stress
specimen 1.4, from [6]

Figure 8: Geometry of test specimens 1.1–1.4

Table 1: Measures of the flat tensile specimens

Specimen L [mm] H [mm] R [mm]
1.1 70 14 14
1.2 0 14 14
1.3 0 14 10

18



4.2 Flat specimens

(a) Geometry of the shear
specimen 1.5

(b) Geometry of the shear
specimen 1.6

(c) Geometry of the shear specimen 1.7, from [6]

Figure 9: Geometry of the shear specimens 1.5–1.7

Table 2: Displacement rates for the flat specimens

Specimen mm/min
1.1 2

1.2−1.3 0.1
1.4 0.06

1.5−1.6 0.1
1.7 0.3

19



4 MECHANICAL EXPERIMENTS

4.3 Flat-grooved specimens

Four flat-grooved specimens with different radius have been used, see
Figure 10. They have the same type of geometry as the flat tensile
specimen 1.1 but with a thickness of 2 mm. The radius of the groove
fillet for the different specimens can be seen in Table 3. These specimens
were clamped at both ends and the displacement rate for each specimen
can be seen in Table 4.

Figure 10: Geometry of the flat-grooved specimen

Table 3: Measures of the flat-grooved specimens

Specimen R [mm]
2.1 4
2.2 2
2.3 1
2.4 0.5

Table 4: Displacement rates for the flat-grooved specimens

Specimen mm/min
2.1−2.4 0.01

4.4 Axisymmetric specimens

Six axisymmetric specimens having the same profile as the flat tensile
specimen have been evaluated, see Figure 8a. These specimens have a
length of 200 mm and a diameter at the ends of 42 mm. The exact
measures of each specimen can be seen in Table 5. Each specimen are
clamped at both ends and the displacement rate for each specimen can
be seen in Table 6.
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4.4 Axisymmetric specimens

Table 5: Measures of the axisymmetric specimens

Specimen L H R
3.1 70 14 14
3.2 0 14 40
3.3 0 14 26
3.4 0 14 18
3.5 0 14 14
3.6 0 14 10

Table 6: Displacement rates for the axisymmetric specimens

Specimen mm/min
3.1 2
3.2 0.2

3.3−3.6 0.1
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5
FE modelling

This section describes the FE models of the tests in Chapter 4. Their
purpose is to generate data which will be used to create the failure
strain surface. A method which convert results from a small element
size model to a larger one will be explained. This method is applied on
the flat specimens and the flat-grooved specimens.

5.1 The scaling method

To be able to simulate the axisymmetric specimens with a decent mesh,
a characteristic element length of 3 mm was chosen. With this element
size, four elements through the thickness could be used for the axisym-
metric specimens. Thus, the failure strain surface is calibrated for a
characteristic element length of 3 mm. However, the test specimens
that had a thickness lower than these values, i.e. the flat specimens
and the flat–grooved specimens, could not be meshed with this element
size. Instead, a method where results from a small element size model
was converted to a larger one was developed. Small elements will have
higher values of plastic failure strain in the plastic zone than larger el-
ements. Thus, it is not possible to mesh all test specimens with a fine
mesh and then directly make a failure strain surface and implement it on
a model with a coarser mesh. The scaling method is described in these
steps:

1. Use a fine mesh with a hardening curve that is calibrated to this
element size. Make a simulation according to the mechanical test.
When the mechanical test predict fracture, note the maximum
value of ϵpf in the simulation model at the corresponding state.
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2. Scale the model in all directions to a sufficiently large size so that
the final mesh can be used for this model. Mesh the scaled model
with the fine mesh. Plot the force displacement curve until fracture
is expected, which is known from the noted value in step 1.

3. Remesh this model with the target mesh. Use a hardening curve
that is calibrated for this element size. Run a simulation. At the
expected fracture that is known from the force displacement curve
in step 2, note the ϵpf , η and ξ values.

This method is described graphically in Figure 11.

Figure 11: Graphical representation of the scaling method
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5.2 Calibrating hardening curves

5.2 Calibrating hardening curves

Because of the necessity to scale some of the specimens, four different
element sizes have been used to mesh the critical area where fracture
occurs in the different test specimens. This implies that four hardening
curves were needed, see Table 7. These hardening curves have been
calibrated from the results of the mechanical test specimen 1.1 and 3.1.
Hc1, Hc2 and Hc3 are calibrated from the results of the 1.1 test specimen
and Hc4 is calibrated from the 3.1 test specimen.

Table 7: Name of hardening curves for different element sizes

Hardening
curve (Hc)

Element size
(height, width, thickness) [mm]

Characteristic
element length [mm]

Hc1 (0.233, 0.233, 0.2) 0.2
Hc2 (0.35, 0.35, 0.3) 0.3
Hc3 (0.875, 0.875, 0.75) 0.75
Hc4 (3.5, 3.5, 3) 3

(a) One of the three meshes of the flat specimen 1.1. This specimen
is used to calibrate the hardening curves Hc1, Hc2 and Hc3

.

(b) Mesh of the axisymmetric specimen, 3.1, which is used to calibrate
the hardening curve Hc4

Figure 12: Mesh of two models that were used two calibrate two different
hardening curves

To produce a hardening curve, an average of the force–displacement
results from the mechanical tests was used. The average curve was
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produced from the results given by the three tests of the 1.1 or 3.1
specimen, depending on which hardening curve to produce. This force–
displacement curve was transformed to nominal stress and strain values.
The curve was cut at the start of necking which start at the maximum
stress value. It was then transformed to true stress and strain according
to the following equations:

σT = σN (1+ ϵN ) (36)

and

ϵT = ln(1+ ϵN ) (37)

where σN and ϵN are nominal stress and strain, respectively.

The elastic strain from this curve was then removed according to Hooke’s
law, see Equation (11). To model the behaviour of the material after
necking, an inverse modelling technique was used by comparing simu-
lation results to the test results. The curve was extended by a linear
extrapolation. One of the implemented hardening curves can be seen in
Figure 13. The results obtained from the four implemented hardening
curves compared to the test results can be seen in Figure 14.
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Figure 13: The implemented hardening curve Hc1
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5.2 Calibrating hardening curves
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(a) Simulated and real stress strain curves for the flat specimen, 1.1
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(b) Simulated and real stress strain curves for the axisymmetric spec-
imen, 3.1

Figure 14: Result from the different implemented hardening curves. The
black curve is the actual result from the mechanical test.
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5.3 General modelling technique

From the mechanical testing, the position of the extensometer and the
clamping positions for each specimen was noted. The FE–models were
modelled in the same way as the specimens. The simulations could not
be modelled with the same displacement rates as in the mechanical tests.
This would have been too computational costly. Instead the displace-
ment rate was multiplied 10,000 times the original speed. Some models
with the original displacement rate were compared to the less computa-
tional costly model to make sure that only small errors were made. Also,
the kinetic energy was analysed for each model. A time step was set to
prevent mass scaling in the models. All models used the material model
*MAT_224, but with the failure criteria turned off.

To mesh the 1.7 test specimen the element size according to Hc2 was re-
quired. This was necessary because the critical section where the plastic
deformation occurs has a width of 3 mm. Hence, it was not possible to
use the elements according to Hc4. A smaller element size was needed
to mesh the specimen correctly, which meant that another hardening
curve was calibrated for a finer mesh, Hc2. For the same reasons, the
element size according to Hc1 was used to mesh the flat–grooved speci-
mens. For the rest of the specimens, that used the scaling method, the
element size according to Hc3 was used as the fine mesh. All models
that used the scaling method were scaled to an element size according
to the element size for Hc4. The axisymmetric specimens, which did not
need the scaling method, used the Hc4 hardening curve and element size
directly.

Regarding the axisymmetric models, the element at fracture, which has
the integration point with the highest plastic strain, is evaluated. The
Lode parameter, triaxiality and the plastic strain is noted from this
integration point at the specific displacement at fracture. The flat–
grooved specimens and the flat specimens are evaluated in a similar
manner but with the scaling method.
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5.4 The axisymmetric specimens

For these type of models the scaling method was not needed. Instead
the target mesh, Hc4, could be used for all models and therefore the
ϵpf , η and ξ values could be determined directly by making a simulation
according to the mechanical test. The values were noted when frac-
ture was predicted according to the test results. A mesh of one of the
axisymmetric models can be seen in Figure 15.

(a) Mesh of one of the axisymmetric specimens (b) Cross section of the
mesh for one of the ax-
isymmetric specimens

Figure 15: The mesh for the axisymmetric specimen, 3.3
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Figure 16: The force displacement curves for the axisymmetric specimens
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(b) Plastic strain as a function of the
triaxiality for the axisymmetric speci-
mens

Figure 17: Result of the axisymmetric specimens

The force displacement curves from the mechanical test and the simu-
lations can be seen in Figure 16. A rather good agreement between the
experiments and simulation results was found. The plastic failure strain
as a function of the Lode parameter and triaxiality for each of these
specimens can be seen in Figure 17. The Lode parameter is constant to
1 throughout the simulation as expected for a uniaxial tension stress, see
Figure 1. The triaxiality increases and the plastic failure strain decreases
for an increasing radius.

5.5 The flat–grooved specimens

The four flat–grooved specimens were modelled according to the scal-
ing method which was described in Section, 5.1. These specimens used
an element size according to Hc1 for the fine mesh. When these spec-
imens where scaled to the large element size and the area of inter-
est was still meshed with a fine mesh, the geometry was divided into
sections. These sections were connected with the LS-DYNA *CON-
TACT_TIED_SURFACE_TO_SURFACE_OFFSET, or tied contact.
The specimens were also cut in the symmetry plane in the thickness di-
rection and thereby only the half of the specimen were modelled. These
steps were necessary to reduce the simulation time. The use of subsec-
tions and symmetry was first evaluated by a small model where results
were compared to an ordinary modelling technique. The result coincided
for the two methods.
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5.5 The flat–grooved specimens

(a) Mesh of one of the flat–grooved specimens (b) Details of the mesh in
the plastic zone

Figure 18: The mesh for the flat–grooved specimen, 2.2
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Figure 19: The force displacement curves for the flat–grooved specimens
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Figure 20: Result of the flat–grooved specimens
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The force displacement curves from the mechanical test and the simu-
lations can be seen in Figure 19. The simulation curves are taken from
the first step in the scaling method. A rather good agreement between
the experiments and simulation results was found. Only small deviation
in predicting the necking point can be seen. The plastic failure strain
as a function of the Lode parameter and triaxiality for each of these
specimens can be seen in Figure 20. The Lode parameter got a small
negative value which is decreasing for an increasing radius. The triaxi-
ality is higher for an increasing radius and has some variation between
the specimens.

5.6 The flat specimens

All flat specimens were modelled according to the scaling method. The
1.7 specimen used the element size according to Hc2 for the fine mesh.
For this specimen, the scaled model with a fine mesh was modelled as well
with different sections which were connected with a tied contact. The
specimen was also cut in the symmetry plane in the thickness direction.
Figure 21 shows the mesh of the scaled model with the fine mesh. The
rest of these specimens used an element size according to Hc3 as the
fine mesh. The test results from the 1.5 and 1.6 specimens had a large
spread, which may be due to the manufacturing process of the edges near
the plastic zone. Also, problems to determine were the actual fracture
took place occurred. Therefore, the result from these two specimens was
unsuccessful and was therefore neglected in the study.

The force displacement curves from the mechanical test and the simu-
lations can be seen in Figure 22. The simulation curves are taken from
the first step of the scaling method. A rather good agreement between
the experiments and simulation results was found. Only small devia-
tions in predicting the necking point can be seen. The plastic failure
strain as a function of the Lode parameter and triaxiality for each of
these specimens can be seen in Figure 23. The specimens 1.2, 1.3 and
1.4 received a similar result for the Lode parameter and triaxiality. All
of these specimens have a triaxiality curve that ends at a value of ap-
proximately 0.66, which is a biaxial stress state, see Figure 2. The 1.1
specimen starts at a uniaxial stress state with a triaxiality value of 0.33,
which increases when the element deforms. The Lode parameter starts
at 1, which indicates a uniaxial tension stress, Figure 1. The shear spec-
imen, which should start at a value of 0 for both the triaxiality and the
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5.6 The flat specimens

(a) Mesh of the shear specimen (b) Details of the mesh in
the shear zone

Figure 21: Mesh of the shear specimen, 1.7
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Figure 22: The force displacement curves for the flat specimens
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Figure 23: Result of the flat specimens
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Lode parameter, is predicted to fail at a point close to this value. The
Lode parameter is almost constant while the triaxiality varies drastically
during the simulation.

5.7 The failure strain surface

A failure strain surface is generated by using the results in Section 5.4,
5.5 and 5.6. These results are summarized in Table 8. The surface is
made by a cubic interpolation method with Matlab. The surface consists
of a grid with 100 points on each side. The result from this interpolation
can be seen in Figure 24.

The failure strain surface shows that the different test specimens gave a
certain variation in the triaxiality and the Lode parameter. The axisym-
metric specimens are scattered along the edge where the Lode parameter
is equal to 1. The flat–grooved specimens are scattered at a low Lode
parameter and a high value of the triaxiality. Four of the flat specimens
are scattered along the line of a triaxiality of approximately 0.5. The
failure point near the coordinate (0,0) belongs to the shear specimen,
1.7. The result from this specimen determines the shape of a large sec-
tion of the stress strain surface. When implementing the failure strain
surface in LS-DYNA, the surface must cover as large Lode and triax-
iality ranges as can be expected, because LS-DYNA does not seem to
automatically extrapolate the surface. An extrapolation of the surface
was thereby generated by applying three of the four corner values to a
high plastic strain value, in this case to a value of 1. The result from
this extrapolation can be seen in Figure 25.

34



5.7 The failure strain surface

Figure 24: Two views of the generated failure strain surface

Figure 25: The implemented failure strain surface

35



5 FE MODELLING

Table 8: Result from the different test specimens

Test specimen ϵpf η ξ

1.1 0.45 0.87
1.2 0.56 0.33
1.3 0.58 0.20
1.4 0.62 -0.09
1.7 0.06 0.13
2.1 0.76 -0.13
2.2 0.83 -0.16
2.3 0.97 -0.24
2.4 1.16 -0.30
3.1 0.56 1.00
3.2 0.65 1.00
3.3 0.68 1.00
3.4 0.74 1.00
3.5 0.82 1.00
3.6 0.91 1.00
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5.8 Element size dependency

5.8 Element size dependency

As mentioned in Section 5.1, the failure strain surface is calibrated for a
characteristic element length of 3 mm. With the LCI variable, a failure
model can be used for different element sizes. This variable is defined
as a curve which consist of normalized plastic failure strain values as
a function of the characteristic element length. When this variable is
used, LS-DYNA will scale the failure strain surface in the plastic strain
direction depending on the element size that is used in the model. This
variable should be used with caution. This because it is the authors
opinion that also the shape of the failure strain surface depends on the
element size. Furthermore, the hardening curve has also a strong element
size dependency. Therefore, this variable should only be used for small
changes of the element size.

The data for the LCI variable is generated from four different element
sizes for the 3.1 test specimen. The result from these simulations gave
four points which can be seen in Figure 26a. A curve were fitted to
these values and extrapolated as seen in the figure. In order to make the
variable a scaling factor these values were normalized against the value
from the element size which the failure strain surface is calibrated with,
see Figure 26b.
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Figure 26: The LCI variable. The values are from the characteristic
element lengths of 1.5, 3, 3.2 and 5 mm
.
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6
Model validation

In the previous chapter the method and the results, which generated the
failure strain surface were described. In this chapter the bolt model will
be validated by comparing its results with results from three different
mechanical tests. For each test, two different meshes are used. One of
the two meshes has, at the plastic zone, a characteristic element length
of approximately 3 mm. This mesh generates four elements through
the thickness for the different tests. The other mesh is coarser and
has a characteristic element length of approximately 5 mm. This mesh
generates two elements through the thickness. The coarser mesh is used
to evaluate the LCI variable. The models have a higher displacement
rate than the actual tests. Because of this, the kinetic energy has been
analysed for each model to make sure that only small errors was made.
All models uses the fully integrated solid hexahedral element of type −1.
The elements will erode when four integration points have reached the
failure criterion.

Three different tests are used to validate the bolt model, these are:

• Three–point bending test

• Combined shear and bending test

• Shear test

6.1 Three–point bending test

The three–point bending test consists of a beam which is supported by
two cylinders. The cylinders are able to rotate. A third cylinder is
placed in the middle and is used as a punch. The beam has a length of
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220 mm, a height of 20 mm and a thickness of 20 mm. The rest of the
measurements can be seen in Figure 27. The beam has been machined
from an M48 bolt with a property class of 10.9. The displacement rate
was 2 mm/min. Only one of these mechanical test led to an acceptable
result. The FE model is loaded with a displacement rate that is 1,000
times the speed as in the mechanical test. This was necessary in order to
decrease the solution time. The supports and the punch were modelled
as rigid bodies. The static and dynamic friction coefficients between the
supports and the beam were set to µ = 0.1. The test setup and the FE
model is shown in Figure 28. The mechanical test was conducted in an
MTS DY–36 with a 100 kN load cell.

Figure 27: Geometry of the three–point bending test

(a) Mechanical test of the three–point
bending test

(b) FE model of the three–point bend-
ing test

Figure 28: The actual and the simulated three–point bending test, just
before fracture
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6.2 Combined shear and bending test
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Figure 29: The force displacement curve for the three–point bending test

The force displacement curve from the mechanical test and the simula-
tion can be seen in Figure 29. The figure shows that the displacement
is not correctly predicted at fracture. When comparing the forces prior
to fracture a relatively good agreement between the experiment and the
simulation can be seen. The two mesh sizes have a rather good agree-
ment between each other.

6.2 Combined shear and bending test

A test case has been developed where the aim is to have a bolt that
fails when exposed to combined shear and bending stresses. The test
consists of two hot rolled steel plates with a yield limit of approximately
570 MPa. These two plates are placed on each other where one of the
plates are rotated 180 degrees. Each plate has a thickness of 9.5 mm.
The plates have a stamped hole near one of the short edges. The plates
are kept together with an M14 bolt with a property class of 10.9. When
assembling the bolt with the two plates, no pretension is made. The two
mesh sizes of the bolt can be seen in Figure 33. The geometry of the
plate can be seen in Figure 30. One of the plates is fixed and the other
is pulled until bolt fracture. The mechanical test had a displacement
rate of 2 mm/min. The FE model was assigned a displacement rate that
was 1,000 times this speed. The bolt is positioned in such a manner
that the shear hole edges of the plates will get in contact with shank
surface nodes. The static and dynamic friction coefficients between the
plates and the bolt were set to µ = 0.1. Two different bolts have been
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tested: one where fracture occurs in the thread and one with fracture
in the threadlesss part of the bolt. Each of these two test cases were
performed twice. The actual mechanical test, one of the specimens after
fracture and the FE model can be seen in Figure 31. The mechanical
test was conducted in a Galdabini Quasar 600 with a 600 kN load cell.
No extensometer could be used in this mechanical test. Instead, the
global displacement in the tensile testing machine was measured. To
model this behaviour, the stiffness of the test machine was measured
and then inserted into the model, see bottom part of Figure 31c. This
approximation was unfortunately unable to describe the displacement
behaviour with an acceptable accuracy. Two plates were used as spacers
in order to avoid initial deformation of the specimen, see Figure 31a for
the actual test setup and Figure 31c for the FE model.

Figure 30: Geometry of the plate used in the combined shear and bend-
ing test

The force displacement curves from the mechanical tests and the sim-
ulations can be seen in Figure 32. For the bolt, where fracture occur
in the threadless part, the agreement between the mechanical test and
the simulation is rather good. For the case bolt with thread the force
predicted was quite good but the displacement was somewhat too large.
The two mesh sizes for both cases have a good agreement between each
other.

One further test of the combined shear and bending test has been made
to evaluate the bolt mesh. The way the shank element get in contact
with the plates will affect the result. If the plate start to pull the bolt
elements at an element node or in the middle of an element, this will
influence the fracture. Three different meshes of the bolt were made in
order to evaluate how big affect this have on the result. Figure 34a shows
the different positions where the pulling plate has the initial contact at
the bolt elements that will fail in the simulation. Position 1 is at the edge
of the element. Position 3 is in the middle of an element and position
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6.2 Combined shear and bending test

(a) Mechanical test of the
combined shear and bend-
ing test

(b) Specimen after test (c) Simulation just before
fracture

Figure 31: Pictures of the combined shear and bending test prior to and
after test. Also a picture from the simulation model just before fracture
occurs
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(a) Fracture in the threadless part of the
bolt
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(b) Fracture in the bolt thread

Figure 32: The force displacement curves for the combined shear and
bending test for the two test cases
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2 is in between position 1 and position 3. Figure 33 shows the two
meshes used for the bolts. Figure 34b shows the result for each of these
tests.

(a) The original mesh of the bolt (b) The coarser mesh of the bolt

Figure 33: The two meshes used to evaluate the LCI variable for the
combined shear and bending test and also for the shear test

(a) The different positions where the
plate start to pull the bolt to fracture
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(b) The force displacement curve for
the different positions

Figure 34: The evaluated positions and the result from the contact test

In Figure 34b, it can be seen that positions 2 and 3 give a larger force
and displacement at fracture compared to the original position 1. The
difference between the maximum force for position 3 and position 1 is
12%.
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6.3 Shear test

Pure shear fracture tests of bolts have been performed in an earlier
project. The same test device as described in Section 6.2 was used, i.e. no
extensometer was used. Hence, the measured displacements include both
machine and specimen stiffness. The shear test consisted of a quenched
and tempered steel clevis which was fastened with an M14 bolt. The
bolt runs through a metal plate which is made of the same material as
the clevis. The bolt has a property class of 10.9. When assembling the
bolt with the clevis and the plate, no pretension was made. The block
was clamped and the clevis was pulled until bolt fracture occurred. The
geometry of the clevis and block can be seen in Figure 35. No information
regarding the displacement rate that was used in the mechanical test
could be found. It was a quasi-static test so the displacement rate was
assumed to be 2 mm/min. The FE model was assigned a displacement
rate that was 1,000 times this speed. The initial position of the bolt
mesh, is according to position 1 in Figure 34a. The mechanical test and
the FE model can be seen in Figure 36.

The force displacement curves from the mechanical test and the simula-
tion can be seen in Figure 37. The two mesh sizes have a good agreement
between each other. No good agreement for predicting the force or the
displacement at fracture was found. A closer analysis of the elements
at the shear zone showed that fracture occurs at a negative triaxiality,
which indicates a pressure. This area of the failure strain surface consists
of only extrapolated values because no compression test was performed.
This is assumed to be the reason of the deviation between the test and
simulation results.
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Figure 35: Geometry of the clevis and block used in the shear test

(a) Mechanical test of the shear test (b) FE model of the shear test

Figure 36: The actual and the simulated shear test
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Figure 37: The force displacement curve for the shear test
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6.4 The actual fracture points

6.4 The actual fracture points

A good agreement when predicting the actual force at fracture with test
results has been made for two of the three test cases. The prediction
of the displacement was poor for the three–point bending test but ac-
ceptable for the combined shear and bending test. The shear test could
not be predicted because of lack of test data. The failure strain surface
with the marked symbols, where fracture has occurred for the test cases,
can be seen in Figure 38. The results are summarized in Table 9. The
point for the shear specimen is marked where fracture actually should
have occurred. As can be seen in the figure this point is not close to the
surface, which is why the implemented failure strain surface is not able
to predict this type of fracture. None of the used test specimens, which
generated the failure strain surface, produced a point in this area which
is the reason why the failure surface is not described correctly there.
Within this work is suggested that the failure strain surface point from
the shear test is used as a new point to generate a resulting failure strain
surface. This failure strain surface is shown in Figure 39. However, it is
recommended to perform new specimen tests to get more points on the
compression side. Compression test specimens, for example, can achieve
this according to Basaran (2011) [4]. Such tests are probably better than
the shear test in Section 6.3. This because the shear test involves rather
complex deformations due to contacts which are tricky to model.

Table 9: Fracture points from the validation tests

Test ϵpf η ξ

Three point bending 0.40 0.86
Comb. sh. and be. without thread 0.34 0.17

Comb. sh. and be. with thread 0.42 0.38
Shear -0.27 0.02
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6 MODEL VALIDATION

Figure 38: Two views of the failure strain surface marked where fracture
has occurred for the different test cases

Figure 39: The final implemented failure strain surface

48



7
Conclusion and discussion

A new bolt model has been developed by calibrating the material model
*MAT_224. The different validation tests indicate that the bolt model is
able to predict the force at fracture. This implies, for example, that the
scaling method works rather well. The generated failure strain surface
reveals that many of the specimens were needed to describe the shape
of the surface. If a new calibration of the failure strain surface is to be
generated, e.g. because of the need for other element sizes or if another
material is to be calibrated, some of the axisymmetric and flat–grooved
specimens can be removed from the test specimen matrix in order to
save time and cost.

The displacement was predicted with less accuracy in the case of the
three point bending test. One reason might be that only one of the
three specimens was successfully deformed to fracture. Thus, a possible
material scatter has not been taken into account. Another reason might
be a poor crack propagation prediction, since rather large elements were
used. A damage model, where the stiffness is a function of the damage
parameter, might have extended the displacement further. For the other
evaluation tests it is hard to judge the quality of the prediction of the
fracture displacement, because of a lack of extensometers. The use of
extensometers is strongly recommended for future testing.

Components that can deform plastically during an impact will reduce the
acceleration of the vehicle. From an energy point of view, the models of
these components should be able to predict the force and displacements.
However, the deformation energy of bolts is usually neglectable in crash
events. It is however important to be able to predict the external fracture
force correctly, which the implemented model is able to do.
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7 CONCLUSION AND DISCUSSION

The shear validation test could not be predicted with the set of test
specimens that was used to generate the failure strain surface. An-
other type of specimen, which is able to produce a negative triaxiality
at fracture, would have been needed. Fracture points in this region can,
according to Basaran (2011) [4], probably be obtained by compression
tests of cylindrical specimens. Also, it might be possible to use cylin-
ders to achieve a pure torsion test and/or a pure torsion combined with
tension/compression forces. A simple geometry of a cylindrical pure tor-
sion test can possibly be used to replace the more complicated shear
specimen. However, the geometry and type of loading for this type of
specimens should carefully be tested with FE models before mechanical
tests are made.

The modelling of contact between the bolt and the pulling plate, see
Figure 34a, at a shear test should be examined closer. Numerical sen-
sitivity tests made in this thesis show that the external force differed
at most 12%. This result was obtained when the largest difference be-
tween the evaluated positions, position 3 compared to position 1, were
studied.

The two different mesh sizes used in the three validation tests generated
similar results. This fact indicates that the implemented LCI variable
works well. The failure strain surface is calibrated for a specific charac-
teristic element length and the bolt model should therefore be used for
a similar element size as far as possible. The LCI variable is only an
approximation such that other element sizes can be used. A more cor-
rect model would take the hardening curve and the failure strain surface
for each specific element size into account. However, no such material
model was available in LS-DYNA when this thesis was carried out.

The following conclusion has been made:

• The method that have been used in this thesis has generated a bolt
model which can predict the force at fracture for different type of
stress states.

In order to evaluate the method used in this thesis further, the following
suggestions are made:

• Evaluate the accuracy of the bolt model with more validation tests

• Evaluate new test specimens that generates a negative triaxiality
at fracture.

• To evaluate if a better fracture prediction can be achieved by us-
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ing a damage model instead of a failure model. For example, the
GISSMO model, described in Section 3.4, could be an alternative.

• Develop methods to eliminate the need for coarse meshes. If finer
meshes could be used, then probably the displacement at fracture
could be predicted better. Furthermore, finer meshes implies a
better approximation of the cross section area of the bolts. Finally,
coarse meshes make, because of sharp edges, the contact between
the bolt and the hole more difficult to model. To be able to use
finer meshes the following methods should be evaluated:

– Reduction of Young’s modulus. This technique can be used
to compensate for mass scaling. It is a common technique for
spotwelds in crash simulations.

– Selective mass scaling. It is a rather new feature in LS-DYNA
which do not affect rigid body motions of selective parts.
Thus, they can be mass scaled without causing inertia errors.
However, selective mass scaling can increase the simulation
time to an extent which must be investigated.
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