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ABSTRACT

Volvos trucks are used to carry boulders of varying sizes from different mining sites or
construction sites. These boulders are loaded onto the dumper of the truck by a wheel-loader
which drops the boulders from various heights causing an impulse like force which distributes
throughout the frame and to the rest of the truck. Depending on the size and what height the
boulders are being dropped from, the distributed forces can cause damage to important parts of
the truck. An experiment done by Volvo has shown that a two-ton weight dropped from 3.5
meters caused some truck components to crack, such as flywheel housing. Since this is alerting
and it is costly to do the experiment on all trucks that Volvo manufactures it is our objective to
come up with a method based on Finite Element which would evaluate the rock loading case.
By using ANSA as the pre-processor which helps set up the model before running a simulation,
and Nastran and LS-DYNA as the FEM solvers, a result was obtained that is somewhat
comparable with the measurements. In the Nastran model, no nonlinearities such as contact
were considered, while in LS-DYNA nonlinear contact between the weight and the dumper
body was defined, which improved the results considerably. The key conclusion from the two
results was that the contact definition used in LS-DYNA is necessary if accurate results are
important. Since LS-DYNA uses an explicit numerical method the model can be made more
complicated by including more nonlinearities in the model and it would not affect the
computation too much or at all. Hence the method would be future proof.
Keywords: FEM, Rock loading, Nastran, LS-DYNA, ANSA, META, Contact, Linear, nonlinear,
Explicit, Implicit.
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SAMMANFATTNING
Volvos lastvagnar används för att transportera stenar från gruvor eller konstruktionsområden.
Dessa stenar kan variera i storlek, allt från små till stora. För att lasta lastvagnen med dessa
stenar brukar vanligtvis en hjullastare användas, där stenar släpps från olika höjder och träffar
lastvagnens dumper. Beroende på stenens storlek och från vilken höjd den släpps så kan det
skada lastbilen. För att undersöka lastfallet har Volvo utfört ett experiment där de släpper ett
två tons vikt som släpps från olika höjder. De har även observerat att när vikten släpps från
3.5 meters höjd så har det skapats sprickor i olika delar av lastbilen så som sprängkåpan. På
grund av detta och att det är kostsamt att utföra experimentet på alla deras lastvagnar så är
vårt mål med examensarbetet att komma på en metod som kan utvärdera dessa last fall.
Metoden är baserat på Finita elementmetoder som finns tillgänglig. Genom att använda oss
av ett pre-processor, ANSA, kunde vi fixa till den givna lastvagnsmodellen innan
simuleringen. Vi har använt oss av två beräkningsprogram den ena är Nastran och den
andra är LS-DYNA. Efter att ha jämfört dessa två beräkningsprogrammen kunde en slutsats
dras vilket är att LS-DYNA är den föredragande metoden då den inkluderar olinjäriteter och
att beräkningsmetoden är effektivare ju mer komplicerat en modell blir vilket kan vara bra för
framtiden om det är tänkt att lägga till fler olinjäriteter i modellen.
Nyckelord: FEM, Rock loading, Nastran, LS-DYNA, ANSA, META, Contact, Linear, nonlinear,
Explicit, Implicit.
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NOMENCLATURE
M = Mass matrix
K = Stiffness matrix
C = damping matrix
f = external loads matrix
R = internal loads matrix
Δ𝑡 = time step size
x = displacement
𝑥̇ = velocity
𝑥̈ = Acceleration
S = time-step scale factor
c = speed of sound in element material
E = Young’s modulus
𝜌 = Material density
𝑣 = poison’s ratio
g = gravitational acceleration
h = drop height
𝑣𝑖𝑛𝑖 = initial velocity
b = viscous damping coefficient
𝜔𝑑𝑎𝑚𝑝 = natural frequency
G = structural damping coefficient
F = force
a = acceleration
L = length
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INTRODUCTION

1.1

Rock loading

Volvo Trucks can be used for transporting stones of varying sizes from and to construction sites. These
stones are dropped from varying heights onto the dumper of the truck by a wheel loader which can
cause extreme load cases where some components of the truck might yield or crack. To evaluate the
load case, namely rock loading, Volvo GTT have carried out experiments where a two-ton weight was
dropped from varying heights onto the dumper of the truck. By using accelerometers, acceleration of
some points on the frame of the truck and some components such as the gearbox were measured. From
these measurements and visual observation Volvo found out that crack started to propagate through
some of the components under the dumper under certain loading cases. To predict these cases one can,
simulate the specific load case using a Finite Element software and further enhance the safety of the
truck. This thesis will provide step-by-step guidance on how to model the impact and set up a Finite
Element model for simulation. Finite element software can be used in conjunction with experiments to
help better understand the load case. In this project two such software is used, Nastran and LS-DYNA.

When rocks of varying sizes are dropped onto the dumper of the truck, there is a transient force acting
on the truck for a very short duration, the magnitude of the force is dependent on the size of the stone
and from what height it is being dropped. Basically, if the stone is large and dropped from a high height
it will act on the truck with a greater force. Figure 1 below shows the scenario.

Figure 1 Rock loading in real life.

Since the dumper body is connected to the frame of the truck, a lot of these forces are transferred to the
main frame and to some other components of the truck. If the rock is
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heavy and dropped from high enough heights, the dumper body might reach its yield limit and break or
even worse some of the components below the dumper might break or crack. When Volvo carried out
an experiment on the rock loading case, they noticed when a two-ton weight was dropped onto the
dumper of the truck from a 3.5-meter height some of the components under the dumper had formed
cracks.

1.2

Project Goal

1.2.1

Research question

1.3

Delimitations

The purpose of the project is to come up with a Finite Element based method which evaluates rock
loading for any truck that Volvo Trucks manufactures. The method should be robust and easy to use.
Robust means the method shouldn’t give a completely different result if the truck models are alike.
Volvo Trucks can then use this method to evaluate extreme load cases and be able to dimension the
component or part in consideration to withstand these large forces or redesign some parts of the truck
to minimize the forces due to impact.
How does non-linear contact definition (LS-DYNA) in the truck model affect the results and how
does it compare to linear contact definition (Nastran)?

This work will mainly focus on coming up with a method which can evaluate the rock-loading case on
a truck. No further optimization of the truck models will be made. No other types of analysis will be
made such as fatigue or vibration analysis.

2

2

METHOD

2.1

Literature review

2.1.1

Related Work

2.1.2

Findings

2.2

Setting up the model for simulation

In this section, the reader is given an insight into what work and how said work is done to tackle the
rock loading problem.

Given the nature of the study, there are different methods used to describe the impact loading case.
Since the model of the truck was given by the supervisors at Volvo GTT the focus of the literature study
has been on the interaction at and after the moment of impact between two bodies. The given truck
model is a finite element model with different element types suited for linear analysis. Hence a keyword
to search for was methods based on finite element methods and impact. By searching within different
scientific/engineering journals, which the students from BTH have access to, with the keywords impact
and finite element model one could find many articles on the subject of interest which is structures
subjected to impact loading. Volvo GTT has access to many types of solvers such as Nastran and LSDYNA hence articles which uses these solvers in their method were preferable. An impact is when two
bodies collide with each other in a short amount of time which means there is contact between the two
bodies. This allows another keyword when searching for articles namely contact. In most cases the way
impact is defined depends on how contact is defined.
The literature review also consisted of reading theory and manuals of the pre- and post-processors.
Theory regarding the solvers used. Books about the different parts typically used in Volvo trucks as
well as a background on how the different numerical methods used in different solvers worked and their
limitations were also read.
Volvo has done an experimental measurement which is discussed later in the report. These
measurements are used for correlation with our simulation results [1].
Volvo CE has also done a drop test on their A40 hauler where they used LS-DYNA as their solver to
simulate a ball of certain mass being dropped on to the dumper body of the hauler which is very similar
to our case [2].
As the project progressed a more in-depth knowledge about how to define contact in the FE software
was necessary, during our findings there were generally two ways of describing contact between the
dropped weight and the dumper body of the truck. The first being through a load curve where the peak
of the curve, the shape of the curve and the duration of the force would be determined using Hertz
theory of contact [3]. The second method and by far the most popular method was to use the general
3D contact formulation that the FE software allowed. For more information about the contact
formulation, see section 7.5.1. Most of the articles regarding the theory about the numerical methods,
different types of software’s and FEM were obtained by using google scholar or the corresponding
website for the software.
The articles on impact and how to model it in a finite element software were very closely related to
our problem hence one could just apply their method and obtain the desired result.
There are most certainly other manufacturers of vehicles which have done similar simulations with
this load case but none could be found during the thesis period other than some articles on simple crash
simulations where the focus was not so much on modeling the impact but rather on the vehicle dynamics
after the crash.

After getting an understanding of the different pre- and post-processor software, more hands-on tutorials
with them were followed, these tutorials included fine-tuning model geometries as well as creating and
fine-tuning meshes. Following these tutorials as well as guidance from the supervisors, learning to
navigate through the software’s and using them in a purposeful manner was considerably helpful. Once
a good understanding of the software was acquired, it was time to put these newly equipped skills into
use. A complete vehicle model of a similar truck was provided by the supervisors.
Trucks and other vehicle models are generated using CVM which is a software tool used to assemble
components and sub-models in a structured way at Volvo Trucks, it generates Nastran models to be
3

later exported into Nastran. CVM is basically a database of different parts and sub-models with certain
guidelines that allow the generation of vehicle models by assembling the needed parts and sub-models.
The model given had almost all the necessary parts needed to run a successful simulation of the truck.
The general steps in getting a successful simulation is to set up the boundary conditions, in this case we
had to constrain the motion of the tires such that the vertical displacement is locked hence the truck
does not fly away, and the necessary initial condition, which is the initial velocity of the weight, to set
the whole thing in motion. This is true for both Nastran and LS-DYNA but for LS-DYNA two more
steps must be taken to get a successful simulation. The first step is the translation of the Nastran model
to LS-DYNA model which is described later in the report and the definition of contact which is also
described later in the report.

2.3

Correlation with measurement

Since real measurements are available from the experiment, a comparison between the simulation and
the experimental results can be carried out for validation. This comparison can help improve the given
model which could be further modified to closely resemble reality. The improvement could be anything
from relocating components to adding nonlinearities such as contact and material nonlinearities. This
is by no means a full-on optimization of the model, but a small modification based on observations and
results obtained.

4

3

BACKGROUND

3.1

Pre-processor: ANSA

Before doing any sort of simulation one needs to pre-process the system, this means setting up the
correct boundary conditions, initial conditions, elements, and materials to prepare the necessary input
for the solver. Both solvers used, namely Nastran and LS-DYNA are primarily solvers only, this means
that they do not have a graphical user interface to graphically build a model and mesh it, nor do they
have a user interface to post-process the results in a graphical format. This is where pre- and postprocessing software come in handy. The pre-processor used is the ANSA preprocessor. The ANSA user
interface is shown in Figure 2 below.

Figure 2 User-interface of ANSA.

ANSA is created by the software company BETA. In this pre-processor such as in many others, one
can mesh, create new geometry, read CAD files and change different aspects of a model. One positive
aspect of this pre-processor is that it supports several solvers such as Nastran, LS-DYNA, and
ABAQUS, etc. This means that one can set up the model and very simply output it in the desired syntax
and format and then run the simulation. For this case, Nastran and LS-DYNA were used together.

3.2

Nastran

Nastran is a finite element analysis program that was initially developed by NASA for the aerospace
industry. Nastran can be used to analyze the behavior of structures and is used by Volvo Trucks to
analyze vehicle behavior. When one has set up and exported a model in the correct syntax and format
that is supported by Nastran using a pre-processor such as ANSA, Nastran can read the model geometry,
assemble matrices, apply constraints and solve the matrix equations using its internal modules. Nastran
has different solvers for each specific case, for a list of solvers and what they are used for, see [4].
5

3.3

LS-DYNA

3.4

Post-processor: META

Much like Nastran, LS-DYNA is simply a finite element solver created to simulate real-world problems
and tries solving these problems using nonlinear, transient finite element analysis using explicit time
integrations. Its typical uses in the industry include vehicle crashes, impact and drop test analysis,
explosions and manufacturing. Some of its capabilities range from 2D and 3D capabilities, linear statics,
rigid body dynamics, nonlinear dynamics and more [5].

Meta is a post-processor created by BETA. The user interface is shown in Figure 3.

Figure 3 User-interface of Meta.

Depending on what kind of output was requested by the user, this software can read and visualize the
simulation results in a more human readable way such as curves, tables, and animations.

6

4

THEORY

4.1

Finite Element Model of a Volvo Truck

This section explains the theory that is needed to understand the difference between the different
numerical methods used by the two different solvers and the necessary information needed to help
understand the results.

Figure 4 below shows a complete vehicle model (CVM) of the truck that was provided during the thesis
work. The model obtained from CVM had all the necessary components to simulate a drop test on the
truck as shown in Figure 4 below. This model is linear which means parts that are in contact are
connected to each other through some rigid body connections and spring-damper elements. All of the
materials are elastic and no effect of material nonlinearities such as strain-hardening are considered.
The parts of the model which were deemed unnecessary or unimportant were replaced by a point mass
and some rigid body constraints, see Figure 5, while the parts of the truck that are deemed important
were finely meshed such as the frame of the truck and the dumper body. The dumper is connected to
the frame by a CGAP and some CBARS which in four different places to model the interaction between
the dumper and the rubber pads on the frame, see Figure 6 below. We will not go deeper into how and
why every part was modelled as they were since it is safe to assume that it is a linearized approximation
of reality to some extent.

Figure 4 Nastran model obtained from CVM as seen on ANSA

This model is created using Nastran entity definitions, these definitions include:
SPC1, MPC, RBE3, RBE2, RBAR, CBAR, CBUSH, CDAMP1, CDAMP2, CELAS1, CELAS4,
CONM2,
CROD,
CVISC,
SHELL_CQUAD4,
SHELL_CQUAD8,
SHELL_CTRIA3,
SHELL_CTRIA6, SOLID_CHEXA, SOLID_CPENTA, SOLID_CTETRA, GRAV, GRID, SPOINT,
EPOINT, COORD_OPTION.
The following is a brief description of each entity according to Nastran’s quick reference guide [6].
• SPC1: A set of single point constraints
• MPC: Defines a multi-point constraint
• RBE3: Defines the motion at a reference grid point as the weighted average of the motions at
a set of other grid points
• RBE2: Defines a rigid body with independent degrees-of-freedom that are specified at a single
grid point and with dependent degrees-of-freedom that are specified at an arbitrary number of
grid points
• RBAR: Defines a rigid bar with six-degrees-of-freedom at each end
• CBAR: Defines a simple beam element

7

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

CBUSH: Defines a generalized spring-and-damper structural element that may be nonlinear
or frequency dependent (6 degrees of freedom spring-and-damper element)
CDAMP1: Defines a scalar damper element
CDAMP2: Defines a scalar damper element without reference to a material or property entry
CELAS1: Defines a scalar spring element
CELAS4: Defines a scalar spring element that is connected only to scalar points, without
reference to a property entry
CONM2: Defines a concentrated mass at a grid point
CROD: Defines a tension-compression-torsion element
CVISC: Defines a viscous damper element
SHELL_OPTION: Defines a shell element with different formulations
SOLID_OPTION: Defines a solid element with different formulations
GRAV: Defines acceleration vectors for gravity or other acceleration loads
GRID: Defines the location of a geometric grid point, the directions of its displacement, and
its permanent single-point constraints
SPOINT: Defines scalar points
EPOINT: Defines extra points for use in dynamics problems
COORD_OPTION: Defines a certain type of a coordinate system

Figure 5 Pictures highlights two components that were simplified to a point-mass.
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Figure 6 the two components highlighted in the left picture is supposed to model the two rubber blocks in the
right picture.

4.2

Nastran – SOLUTION SEQUENCE 109

4.3

Implicit Vs Explicit methods

Nastran’s SOL 109 performs a Direct Transient Response Analysis (DTRA), this means that it solves
the equation of motion by using direct numerical integration. The equation of motion for any structural
system is:
[𝑀]𝒙̈ + [𝐵]𝒙̇ + [𝐾]𝒙 = 𝒇(𝑡)
1
If the system were to be nonlinear then the viscous damping matrix, [𝐵], and the stiffness matrix, [𝐾],
depends on 𝒙 and 𝒙̇ or even explicitly on time. Since SOL 109 only solves linear problems the three
matrices are constant throughout the analysis. By approximating the derivatives by the central finite
difference method, one obtains a system of equations which can then be solved for each time step or
iteration. The simulation runs faster if the time step, Δ𝑡, is held fixed for the whole simulation because
then the decomposition of the matrices is done only once whilst if Δ𝑡 was changing a new matrix must
be created and decomposed for each iteration. The damping matrix [𝐵] is a sum of four other matrices
[7] were two of the matrices have to do with structural damping whilst the other two with the damping
from elements or direct input matrix. For a more detailed explanation please see [7]. The method is
called explicit since the current state of the model is dependent on the two previous states but also
because the central difference method is used.

4.3.1

Implicit method (Nastran)

There are two different numerical methods for solving equations, one of them is implicit where the
current state of the system is dependent on the future state of the system. Nastran has three implicit
numerical methods namely, Newmark-beta, Houbolt and Single Step Houbolt method [8]. Focus in this
thesis will be mainly on Newmark-beta method. Solving equation (1) with this method gives [8]:
Δ𝑡 𝑛 Δ𝑡 𝑛+1
𝒙̇ 𝑛+1 = 𝒙̇ 𝑛 +
𝒙̈ + 𝒙̈
1
2
2
Δ𝑡 2 𝑛 Δ𝑡 2 𝑛+1
𝒙𝒏+𝟏 = 𝒙𝒏 + Δ𝑡𝒙̇ 𝑛 +
𝒙̈ +
𝒙̈
2
4
4
And
4
2
4 𝑛
( 2 [𝑀] + [𝐵] + [𝐾]) Δ𝒙 = 𝒇𝑛+1 − 𝑹𝑛 + [𝑀] (𝒙̈ 𝑛 +
𝒙̇ ) + [𝐵]𝒙̇ 𝑛
3
Δ𝑡
Δ𝑡
Δ𝑡
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Where R is the internal force and Δ𝒙 = 𝒙𝑛+1 − 𝒙𝑛 . Therefore, if solving for 𝑥 requires an iterative
method which might take a long time depending on the problem size. Nastran has four iteration methods
to handle these kinds of problems namely, Full Newton-Raphson Algorithm, Modified NewtonRaphson Algorithm, Strain Correction method, and The Secant Method. For more information about
these methods please see [8]. These iterative methods basically approximate the future state which can
then be inserted into equation 1-3 and compared to see how well of an approximation the iterative
methods did and continue to do so. The user may set an upper boundary on the error and if the error is
larger than the one defined by the user, the time step Δ𝑡 becomes smaller and in doing so the matrix on
the left-hand side of equation 3 must change and hence a new inverse must be calculated which is
computationally costly. If there are any nonlinearity in the model such as material nonlinearity or
contact definitions the matrix must be updated again, and a new inverse must be calculated. If a problem
such as ours needs to use an adaptive step size to obtain convergence, then the process will be slow.
This is also shown in Figure 9 below.

4.3.2

Explicit method (LS-DYNA)

LS-DYNA uses a modified explicit central difference method to solve the equation of motion [9]. By
approximating velocity and acceleration as,
𝒙̇ 𝒏+𝟏/𝟐 − 𝒙̇ 𝒏−𝟏/𝟐
𝒙𝒏+𝟏 − 𝒙𝒏
𝒙̇ 𝟏 =
𝑎𝑛𝑑
𝒙̈ 𝑛 =
4
𝒏+
Δ𝑡 1
Δ𝑡𝑛
𝟐
𝑛+2

Here 𝒙 is not displacement but rather the actual geometry.
Inserting these into equation (1) gives:
[𝑀]𝒙̈ 𝑛 = 𝒇𝑛 − [𝐾]𝒙𝒏 − [𝐵]𝒙̇
Where
M = the mass matrix,
C = the damping matrix
K = the stiffness matrix
𝐹𝑒𝑥𝑡 𝑛 = the external load matrix and
𝐹𝑖𝑛𝑡𝑛 = 𝐶𝑥̇ + 𝐾𝑥 = internal loads

𝒏−

𝟏
𝟐
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Figure 7 Central difference method used by LS-DYNA to integrate in time [9]

The matrix on the left-hand side is not dependent on the stiffness matrix. Since the stiffness matrix is
on the right-hand side of the equation, it is easier to update the equations if nonlinearities that change
the stiffness matrix exist in the model. Hence, one only needs to calculate the inverse of the matrix in
the left-hand side only once. The mass matrix is also lumped which means it is diagonal so inverting it
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is trivial. The method calculates the acceleration at time 𝑡𝑛 and by using equation (4) one can calculate
velocity and displacement. The method is conditionally stable which means the step size is limited.

4.3.3

Time-step size

The time-step must be less than a critical value which is the time it takes a signal traveling at the speed
of sound to cross each element or else computational errors would occur causing errors in the solution.
This is called the Courant Criterion [9]:
Δ𝑥
Δ𝑡 = 𝑆 ∗
𝑐
Where S = time step scale factor which defaults to 0.9 in LS-DYNA (<1). This can be changed in the
control card.
Δ𝑥= Smallest element dimension
𝐸

c = speed of sound in the element material (= √𝜌 for 1-D elements).
This means that the smallest element dimension is the one that decides the time-step size of the whole
solution sequence.
The speed of sound c in different elements is defined as follows [10]:
𝐸

-

For beams and trusses: 𝑐 = √𝜌

-

For 2D-continuum elements: 𝑐2𝐷−𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑢𝑚 = √(1−𝑣2 )𝜌

-

For 3D- continuum elements: 𝑐3𝐷−𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑢𝑚 = √
(1+𝑣)(1−2𝑣)𝜌

𝐸

𝐸(1−𝑣)

Where
E = Young’s modulus of the material
𝜌 = density of the material and
𝑣 = poison’s ratio
This is a very basic theory on how LS-DYNA uses explicit methods to advance in time. If further
reading on the theory behind LS-DYNA is needed, the reader is recommended to read the theory manual
of LS-DYNA [11].

4.3.4

Comparison

Figure 8 CPU time vs Problem size. Implicit vs Explicit [12].
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Figure 9 Number of matrix vs nonlinearities. Implicit vs Explicit [12]

The two figures show how explicit and implicit solvers behave when nonlinearities are involved in the
model and when the size of the model is increasing. According to the figures, when the model is highly
nonlinear and large, the explicit method is preferred and when the system is considerably smaller, the
implicit method is preferred. Another difference between the two methods is that the implicit method
is not limited in its time step size where the explicit method does have a limit which was mentioned in
the previous section.
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5

EXPERIMENTAL SETUP

Figure 10 Experimental set-up.

A two-ton steel block as seen in Figure 11, is dropped onto the dumper body of the truck from varying
heights using a weight lifting frame, see Figure 10. The weight is dropped at three different positions
on the dumper, at the front, the middle and the rear of the truck. The front is 800 mm from the beginning
of the dumper body middle is half way and the rear position is 800 mm from the end of the dumper.
The only position and height that is used in this thesis is the middle drop from a one-meter height.
Accelerometers and strain gauges are placed at various points on the frame of the truck and other
components of interest like the flywheel housing, clutch housing, and engine mounting. Accelerometers
measure acceleration and strain gauges measure strain. For a complete description of the experiment
please refer to [1].
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Figure 11 Picture on the left shows the two-ton weight and the picture on the right shows the lift.

5.1

Gauges

Figure 12 shows the placement of the accelerometers on the left frame of the truck. They are positioned
at the front, middle and rear of the frame [1].

Figure 12 Accelerometers placement on the frame of the truck [1].
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Forces were also measured at the engine cushions as well as strains in the flywheel housing and noises
in the cabin. The correlation in this report will focus on accelerations in the left frame and forces in the
rear right and left engine cushions.
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6

SIMULATION USING NASTRAN

6.1

Model set-up for SOL 109

Since the complete vehicle models are generated using Nastran, it would be very convenient if the
simulation could be carried out in Nastran. Nastran has four solution sequences which are of interest
for this load case, namely, SOL 109, 400 and 700. We have discussed the first one which is a linear
solver. The other three could solve linear problems, but they are also equipped to deal with nonlinear
cases. SOL 400 can be used to solve nonlinear static and dynamic problems by an implicit method while
SOL 700 solves dynamic problems using an explicit scheme. In the early stages of the thesis work, it
was planned to use SOL 700 as the primary solution sequence but sadly Volvo Trucks didn’t have a
license for it. In the following subsections, discussions on how the model was set up and prepared to be
solved with Nastran will take place.

In the experimental measurement, the two-ton weight is dropped from various heights onto the dumper,
the focus will only be on the one-meter drop in the middle of the dumper body. Since SOL 109 is a
linear solver, one must somehow linearize the contact behavior that occurs at the moment of impact.
According to the literature review that we conducted there were two general approaches to modelling
contact in FEM. One of them is to use a force time-function, this method approximates the contact
occurrence by defining an impulse function with a shape which has the right frequency content. There
are ways of calculating the duration of the impulse and the magnitude of it by using Hertz theory of
contact [13]. The more popular approach is to actually drop a weight on the truck with an initial velocity.
The easiest and most obvious way of modelling the weight dropping onto the dumper body is by creating
a rectangular box with a mass of two ton and connect it to the dumper body via CGAP elements. The
CGAP elements behave like a spring with three stiffness values one for tension, compression and at the
moment of contact. One downside of this method is the need for meshing of the rectangular block which
increases the size of the model. A more simplified approach is to create a two-ton point-mass rigidly
connected to the dumper via RBE3 elements. This can be easily done by having a two-ton mass rigidly
connected to the dumper via RBE3 elements. The RBE3 element is defined such that it has several slave
nodes and one master node, where the master node is the two-ton point mass and the slave nodes are
located on the dumper in a rectangle of size 400x600 mm as the size of the plate that the weight was
dropped onto during the experiment. The slave nodes are moved when the master node (point mass) is
moved. See Figure 13.
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Figure 13 The two-ton mass modeled in Nastran as a point mass connected to a nodal rigid body element.

Since the weight is not being dropped from any height one must give it an initial velocity, this is
obtained by setting the kinetic energy equal to potential energy giving,
𝑣𝑖𝑛𝑖 = √2𝑔ℎ
7
Putting ℎ = 1m gives an initial velocity of 𝑣𝑖𝑛𝑖 = 4.429 𝑚/𝑠. In the experiment, the mass bounces
back up a little after the first drop so it has no inertial effect during that period, while in this model the
mass is basically stuck to the truck, so its mass has an effect. The impact that occurs gives rise to a
range of frequencies in the measurements. This is not the case in this model since no real contact is
occurring. Another assumption made in this model is that all materials are linear elastics which means
that they have an elastic modulus and a Poisson's ratio. Every contact point or pair are connected to
each other by a stiffness and damper element to model the contact behavior.
Nastran requires a HEADER input which is basically a metadata script which tells Nastran which input
and output are required. Initial and boundary conditions, as well as set definitions, are given as input,
and stress, displacement, forces and accelerations as output as seen in Figure 14 below.
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Figure 14 SOL 109 header.

𝐾2𝑃𝑃 and 𝐵2𝑃𝑃 define the direct input matrix for stiffness and damping at some points. SPC is the
single point constraints used to hold the car to the ground and stop it from rotating or flying away.
LOAD is defining what kind of static load the truck is subjected to, in this case, gravity. TSTEP defines
the time increment, Δ𝑡, and the number of increments, 𝑁, for the simulation. They were set to Δ𝑡 = 5 ⋅
10−4 and 𝑁 = 2000 to get a total time of one second which is the duration of the experimental
measurement. Since the damping matrix in SOL 109 considers only viscous damping one needs to
assign structural damping to the structure by converting it to equivalent viscous damping. 3% of the
critical damping is usually used in simulations by Volvo engineers that damp the entire frequency range
of the whole model. Specific frequencies must be chosen in SOL 109 so one needs to specify which
frequency is to be damped [8].
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Putting 𝑓𝑣 = 𝑓𝑠 gives,

Figure 15 Viscous Damping vs structural damping [8].

𝑏𝜔𝑑𝑎𝑚𝑝 = 𝐺𝑘
Where 𝑏 is the viscous damping coefficient, 𝜔𝑑𝑎𝑚𝑝 is the natural frequency in question, G is the
structural damping coefficient and 𝑘 is the stiffness of the system. Solving for b gives,
𝐺𝑘
𝐺
𝑏=
= 𝐺√𝑚𝑘 = 𝑏𝑐𝑟𝑖𝑡
𝜔𝑑𝑎𝑚𝑝
2
So, G must be 0.06 to get 3 % of critical damping [14].
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7

SIMULATION USING LS-DYNA: NASTRAN TO LSDYNA MODEL TRANSLATION

7.1

Introduction

7.2

Ansa Translator

As mentioned earlier on the differences between implicit and explicit solutions, the time step size for
implicit solutions can be much larger than possible for explicit solutions. In the case of vehicle impact
analysis, explicit solutions are preferable since the effects of stress waves are important as well as the
effects of large geometric nonlinearities where contact and friction algorithms may introduce
instabilities in case of a larger time step. This means that an explicit solution is necessary for the rock
loading analysis, unfortunately, the available Nastran Licenses at Volvo Trucks did not include the
explicit nonlinear solver SOL700 provided by Nastran, as the default explicit solver used by its
engineers is LS-DYNA. All input and output to Nastran and LS-DYNA are in the form of text files.
This means that nodes, elements (such as beams, springs, shells, solids…), boundary conditions,
constraints, loads, material definitions, etc. are inputted to these solvers in the form of text files. Each
solver has its own syntax definitions and guidelines on how to create these files so that it becomes
possible for their inner modules to pick these definitions up and start the solution sequence. The solution
sequence consists of assembling matrices, processing geometries, applying boundary conditions and
constraints and more. Both Nastran and LS-DYNA are primarily solvers only, this means that they do
not have a graphical user interface to graphically build a model and mesh it, nor do they have a user
interface to post-process the results in a graphical format. This is where pre- and post-processing
software come in handy. Pre-processors are designed to handle building a finite element model with a
graphical user interface that allows for importing CAD models, meshing them with finite elements,
applying loads, boundaries and constraints. They are basically an interface to prepare and create the
solver input files in a more human-readable way. Ansa Beta is one of those pre-processors that supports
multiple solver decks, some of which are Nastran and LS-DYNA, Ansa is primarily used by Volvo
trucks engineers to aid with the creation of solver inputs. Trucks and other vehicle models are generated
using CVM which is a software tool used to assemble components and sub-models in a structured way,
it generates Nastran models to be later exported into Nastran.

As mentioned earlier, a CVM model of the FM-795 truck involved in the rock loading experiment was
provided for analysis. This means that the CVM Nastran models must be translated into LS-DYNA,
luckily, Ansa has its internal partial translator between its different supported solver decks.
Unfortunately, it does not offer a complete translation solution between Nastran and LS-DYNA as some
entities are not automatically translated. Table 1 shows the supported and unsupported entities for the
truck model case.
Table 1 Nastran to LS-DYNA supported and unsupported entities

Nastran entities

Ansa Translator

LS-DYNA Conversion

SPC1
MPC
RBE3
RBE2
RBAR
CBAR
CBUSH
CDAMP1
CDAMP2
CELAS1
CELAS4

Supported
Supported
Supported
Supported
Unsupported
Supported
Unsupported
Unsupported
Unsupported
Unsupported
Unsupported

BOUNDARY_SPC
CONSTRAINED_LINEAR
CONSTRAINED_INTERPOLATION
CONSTRAINED_NODAL_RIGIDBODY
ELEMENT_BEAM_ELFORM_2
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CONM2
CROD
CVISC
SHELL_CQUAD4
SHELL_CQUAD8
SHELL_CTRIA3
SHELL_CTRIA6
SOLID_CHEXA
SOLID_CPENTA
SOLID_CTETRA
GRAV
GRID
SPOINT
EPOINT
COORD

Supported
Supported
Unsupported
Supported
Supported
Supported
Supported
Supported
Supported
Supported
Unsupported
Supported
Supported
Unsupported
Supported

ELEMENT_MASS
ELEMENT_BEAM_ELFORM_3
ELEMENT_SHELL_QUAD
ELEMENT_SHELL_QUAD8
ELEMENT_SHELL_TRIA
ELEMENT_SHELL_TRIA6
ELEMENT_SOLID_HEXA
ELEMENT_SOLID_PENTA
ELEMENT_SOLID_TETRA/TETRA2
NODE
NODE_SCALAR
DEFINE_COORDINATE_OPTION

The unsupported entities were not translated due to the lack of an exact alternative in LSDYNA with the same behavior. As an example, there is no CBUSH element alternative in LSDYNA. The discrete springs and dampers in LS-DYNA have only one degree of freedom,
either torsional or translational. On the other hand, there exists a type of discrete beam which
acts as a cluster of springs-dampers in 6 degrees of freedom, but with some compromises
mentioned in the next part.

7.3

Element alternatives

7.3.1

CBUSH to Discrete beams

7.3.2

CDAMP1 to discrete dampers

Unfortunately, LS-DYNA does not have 6DOF spring-damper elements which make it hard to get the
exact behavior of a CBUSH. The discrete elements in LS-DYNA (not to be confused with discrete
beams (element formulation 6)) which are the spring and damper elements have a single degree of
freedom only. An intuitive thought is to create 1DOF springs and dampers each acting on a different
degree of freedom using the orientation vectors, but this is not recommended by LS-DYNA as using
orientation vectors on the discrete elements raises the likelihood of having unwanted rotational
constraints [15]. The recommendation is to use discrete beams which act as a cluster of springs-anddampers and accepts stiffness and damping values in different degrees of freedom. These discrete beams
can also have zero length as the mass of the discrete beam is the product of its volume and density.
Setting the density to unity makes it so that the volume is the lumped mass of the beam. Another thing
to care for is that if any of the rotational degrees of freedom are to be active, a value of the mass moment
of inertia must be given. Using this discrete beam with material type 66, which simulates the effect of
an elastic beam using a cluster of springs and/or dampers each acting about one of the six degrees of
freedom. This material model also takes a custom coordinate system in the r-, s- and t-axis, unlike
material type 196 which has the same behavior but does not accept a custom coordinate system which
is needed as some PBUSH elements are oriented using it. This material model takes stiffness and
damping values in translational and rotational r-, s-, and t- directions.
Since all the scalar dampers CDAMP1 in the model act along the translational global z-axis, it is safe
to simply replace them with normal linear translational damper discrete elements, with material model
MAT_S02 VISCOUS DAMPER that takes a damping constant as input. This discrete damper has a
very simple force-velocity relation, this linear elastic element has a force-velocity relation in the form
of (Figure 16):
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𝐹̂ = 𝐶

Δ𝑙
Δ𝑡

Where
C = viscous damping constant
Δ𝑙 = change in length of the damper element and
Δ𝑡 = time step size.
This, of course, does not resemble reality as reality is highly nonlinear, but more on that later.

7.3.3

CDAMP2 to discrete dampers

7.3.4

CELAS1 and CELAS4 to discrete springs/or discrete beams

7.3.5

CVISC to discrete damper

This is the same case as in CDAMP1, except they act along the rotational z-axis, so it makes sense to
replace them with normal torsional damper discrete elements with material model MAT_S02 VISCOUS
DAMPER that takes a damping constant as input.
This is the same case as CDAMP1 too, but acts as a spring instead of a damper, since the CELAS1
elements in the model act in different degrees of freedom, and in different directions than from the first
node to the second node, it is more preferable to use discrete springs when the orientation is along the
nodes, using MAT_S01 MAT_SPRING_ELASTIC that takes a stiffness value as input and use discrete
beams when the orientation is not along the direction of the element. This is since as mentioned earlier
using orientation vectors on the discrete damper rises the likelihood of having unwanted rotational
constraints. This discrete spring has a very simple force-displacement relation, this linear elastic
element has a force-displacement relation in the form of (Figure 16):
𝐹̂ = 𝐾Δ𝑙
Where
K = stiffness constant
Δ𝑙 = change in length of the spring element
This is a 1DOF viscous damper element and acts along the element’s nodes, it has the same behavior
as the 1DOF damper discrete elements in LS-DYNA.

Figure 16 Force vs displacement/velocity showcasing the linear stiffness and damping behavior of the discrete
elements.

7.3.6

RBAR to CONSTRAINED NODAL RIGID BODY

Since RBARs are rigid bars with six-degrees-of-freedom at each end it makes sense to translate them
to constrained nodal rigid bodies which also has six degrees of freedom at each node.
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7.3.7

GRAV to LOAD

7.4

Translation steps

There is no GRAV input option in LS-DYNA like there is in Nastran, but there exists a load option
which can be defined by giving acceleration against time curve, one way to do it is to create a curve of
constant value of unity starting from time zero to the end of the needed simulation time and then scale
the entire curve by the value of gravitational acceleration.

As mentioned earlier, the provided model of the truck is a Nastran model created for static analysis and
is ready for execution in SOL101. These conversion steps are basically made for the static case, so some
things might not work as expected in case of nonlinear definitions are present in the model, but they
shouldn’t be very hard to recreate as most nonlinear cases are created using curves in Nastran, which is
also widely supported in LS-DYNA. The steps taken to convert the model from Nastran to LS-DYNA
are as follows:
• First, a consistent unit system must be followed, Nastran and LS-DYNA do not have a
predefined unit system, so it’s the responsibility of the user to make sure that units are consistent
across the solution sequence. Nastran usually has cards that allow scaling some units like the
WTMASS card which allows a global change in mass units, this is not supported by LS-DYNA
so consistent units must be followed from the get-go. A good rule of thumb is to have:
o
o

𝐹 = 𝑚∗𝑎
𝐿
𝑎 = 𝑡2

o

𝜌 = 𝐿3

o

•

•

𝑚

A helpful guide can be found on LS-DYNA’s consistent units support page [16]

Furthermore, a set of helpful Ansa API scripts that can help in scaling Youngs modulus, Mass
and density material cards was created. The scale value will have to be modified in the script
by the user. A comment showing where to modify this scale factor can be found in the script.
As an example, let’s say that the user requires dividing every mass unit by a factor of 1000, the
user must simply edit the script and divide the old mass value by 1000. Running the script after
the modification will scale the selected mass elements by 1000. The script file can be found in
Appendix B.
Secondly, RBARs are to be converted to RBE2s in Nastran, a script will not be provided for
this as ANSA has its own element conversion wizard specific for each deck (a deck is the user
interface for each solver, such as Nastran deck, LS-DYNA deck, Abaqus deck, etc.), although
it doesn’t support cross-deck conversion. This can be found in the wizard menu found in the
utility button under the element tab or by simply searching for the word wizard in the search
field on the top right of the screen. When the RBARs are converted into RBE2s, Ansa translator
will automatically convert them into NODAL RIGID BODIES in the LS-DYNA deck. One
more thing to note is that two rigid bodies cannot share a common node, since two RBARs can
be connected to one node when converted to nodal rigid bodies, the user is recommended to
either merge those rigid bodies by using the Rigid body connections check manager provided
by Ansa or if merging causes a different behavior than intended, a recommendation is to create
a beam with very high stiffness value and lock it in all degrees of freedom. The first option of
merging the nodal rigid bodies was used in this specific truck model as it did not have a huge
effect on the behavior of the motion of the different components of the truck. LS-DYNA also
has its own internal nodal rigid body merging behavior, so it will automatically merge rigid
bodies connected to the same node and print a warning message in the d3hsp output file.
The third step is to convert all PBUSH element into Discrete beams (element formulation 6)
using material type 66. Unlike Nastran where the stiffness and damping values for each degree
of freedom are given in the property card, in LS-DYNA different material cards are to be used.
The property card defines the volume, mass moment of inertia and orientation of the beam. For
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•

•

•

•

•

•

•

finite length beams the SCOOR value of 2 is recommended which rotates the triad along the
second node while keeping the r-axis oriented between node 1 and node 2. For zero-length
beams, the SCOOR value of zero is recommended to behave as regular spring and damper
elements which keeps the triad averaged between node 1 and 2. Material type 196 can also be
used but it doesn’t allow for a custom coordinate system ID as material 66 does. In case no
coordinate ID is required, both materials have the same effect. One thing to note is that there
exists an option in the discrete beam element card to give an orientation vector, but this is an
error by Ansa as LS-DYNA does not support orientation by vector or offset for discrete beams,
in case of usage, a warning message will be printed in the d3hsp file. Two scripts to convert
PBUSHs to discrete beams are provided to simplify the process, one for material type 66 and
one for 196. As mentioned earlier setting the density to units and giving a volume value instead
makes LS-DYNA treat the volume as a lumped mass in the element. A default value is set in
the script file of 10−4. The mass unit used in the script files is Ton, the user may change it if
needed. Mass moment of inertia value must be given to activate any of the rotational degrees
of freedom, a default value of 5 is given in the script file. The script files can be found in
Appendix B.
The fourth step is to convert CELAS1 to discrete beams, this uses material model 196 or 66. A
script is provided to help with the conversion. Another script is also available to convert
CELAS1 to discrete springs, but its recommended to use the discrete beam script for the reasons
mentioned in a previous chapter.
CDAMP1 to Discrete damper, a script is provided to help with translation is also available for
this element. Material model MAT_S02 VISCOUS DAMPER that takes damping constant as
input is used.
CDAMP2 to Discrete damper, a script is provided to help with translation is also available for
this element. Material model MAT_S02 VISCOUS DAMPER that takes damping constant as
input is used.
CVISC to Discrete damper, a script is provided for this element also. It converts all CVISC
elements into the 1DOF damper using material model MAT_S01 MAT_SPRING_ELASTIC
that takes a stiffness value as input.
It is recommended to remove the CONSTRAINED_LINEAR elements from the LS-DYNA
deck (MPC in Nastran) as they will lead to unknown errors in the initialization of the solution
sequence. These are created to simulate moving the vehicle, which is not interesting for rock
loading cases.
Modify TETRA2 solid elements property card by changing the integration method to type 16
or 17, as the default method given by ANSA causes initialization errors. These element
formulations give a higher CPU cost but a better accuracy than the default method [17].
Remove release conditions from beams that are connected to a nodal rigid body, this causes
incompatibility as the nodal rigid bodies are constrained in all degrees of freedom. The user is
recommended to use ANSAs checks manager in the model data check, this will notify of which
beam and nodal rigid bodies are breaking this rule.

This is all that is needed to translate the truck model from a CVM model to a working LS-DYNA
model. This is by no means a foolproof conversion as it’s mainly specific for the truck focused on
in this thesis. It is unreal for us to predict what kind of new elements or conditions can exist in
different models, but this covers most of them and can be used as a starting point. A typical LSDYNA entity view in ANSA would look something like figure 4 after translation steps have been
done.
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Figure 17 LS-DYNA Database tree view in ANSA after translation from Nastran.
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7.5

LS-DYNA FE-model

To set up the model for the rock loading case, a modification to the LS-DYNA model was necessary.
First, the Nastran model provided had an extra weight on the dumper body connected to rigid bodies
across multiple elements on the dumper, this is intended to resemble gravel loaded on the truck for
when the static analysis was done. To sync the model with the actual truck used in the impact test, the
extra mass was removed and replaced by a 2-ton block as seen in Figure 18. This weight block has been
positioned at the middle of the dumper body to resemble a test case from the experiment. To avoid an
unnecessary run time of the solver, the weight was moved to the bottom of the dumper and was given
an initial velocity to resemble a drop from a certain height. Conservation of energy was used as
mentioned earlier to find out the appropriate initial velocity. During the rock loading experiment, the
weight was dropped on a 600x400 mm plate of 20mm thickness. To recreate this behavior, one could
create an extra plate with contact definitions between the plate and the weight and between the dumper
and the plate. This, of course, would require an unnecessary increase in computation time. To
approximate this plate, a thickness of 20mm was given to each of the four nodes of the shell elements
located on the dumper body exactly under the block. This is of course not entirely accurate as in the
real world, the plate would slide in between the block and the dumper body causing friction and loss of
energy. By observing the real truck, one could also spot another difference to the model, namely in the
rubber connections between the dumper and the frame. In the provided model, two connections are
positioned at the middle of the frame, one on each side and two are placed at the front. This is not the
case in the real truck as all four connections are positioned at the middle of the frame. The two
connections at the front were moved to the middle of the frame to have the same force transmission as
the real truck, this is shown in Figure 19 and Figure 20.

Figure 18 Bird view of LS-DYNA model with the weight as seen on ANSA.
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Figure 19 Front and rear CBUSH elements located on the frame away from each other

Figure 20 Front CBUSH elements located in the middle of the frame

7.5.1

Contact definition

Contact is defined by specifying which locations to be checked for penetrations between different parts
or node sets. Contact usually is defined through slave and master parts, the part that is usually going to
be touched by another part is called the slave part while the touching part is called the master part.
Penetrations of nodes between the master and the slave part are checked every time step, if penetration
is detected, a resisting force equivalent to the penetration depth is applied so that penetration is
eliminated. There are different types of contacts in LS-DYNA, but the recommendation is to use the
AUTOMATIC contact types as they are better in handling disjoint meshes and are non-oriented which
means both sides of a shell element are checked for penetration. The one used between the weight and
the dumper body is called a two-way automatic surface to surface contact type, this means that they
allow for compression and tangential loads to be transferred between slave and master nodes and that
both master and slave nodes are checked for penetrations, as opposed to one-way contact types which
only check for penetrations in the master nodes. To invoke friction in the contact definitions, a static
and dynamic friction coefficient must be provided. Static friction is invoked when the objects in contact
are not moving, while dynamic friction is invoked when the objects in contact are moving. Dynamic
friction is usually less than static friction for the same materials. For steel on steel friction, an
approximate value of static friction is 0.74 and 0.42 for dynamic friction, these values can be found in
different structural handbooks [18]. To know which type of contact formulation is suitable for our case
we had to read LS-DYNA user manuals. By creating a simple model such as a thin plate and a ball of a
certain radius and defining contact between the two parts in ANSA and give the ball an initial velocity
with the corner of the plate constrained in all six degrees of freedom we could simulate the drop and
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from these tests we could evaluate which contact formulation was best suited for our case. Since we
want penetration to be checked in both the slave and master body and we don’t want the bodies to be
glued to each other we concluded that the automatic surface-to-surface type was best-suited contact
formulation based on these tests and the explanation given earlier.

7.6

Countering Instabilities

First and foremost, a consistent unit system must be followed as mentioned earlier to avoid getting out
of range velocities and moments. Another cause of instabilities can be a negative volume in solid
elements that undergo large deformations, they become so distorted that the volume is calculated as
negative. This causes LS-DYNA to terminate, so special care must be given to those parts that undergo
large deformations. A piece of good advice on how to counter negative volume is to avoid element
formulations 2 and 3 in solid elements as well as reducing the time step scale factor in the control card.
Changing the hourglass type can also help when instabilities occur.
Out of range forces, velocities and moments can only be discovered by checking the isNan card in the
solution part of the control card, without this option a termination will occur without any error warnings,
this causes an overhead of around 30% in the processors. They will then be printed out to the error
message files of each processor. Another thing that can help in countering instability is by outputting a
GLSTAT output file and keeping an eye on the energy updates during the run time of the job. The
energy balance is perfect if:
𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 + 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑤𝑜𝑟𝑘
This can be checked by monitoring the energy ratio reported in the GLSTAT file:
𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
≈1
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
This ratio changes if mass scaling is invoked and an extra mass is added to the model.
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8

RESULTS

8.1

LS-DYNA

The model was submitted to LS-DYNA using the following units:
Mass: 𝑡𝑜𝑛
Dimensions: 𝑚𝑚
Time: 𝑠
Acceleration: 𝑚𝑚/𝑠 2
Force: 𝑁
Young’s Modulus E: 𝑀𝑃𝑎
The termination time was after one second. The model run duration was reduced by rigidizing
unnecessary components, such as the battery box, the fuel tank, and the front exhaust. Rigidizing simply
means replacing the part with a rigid body and a lumped mass. This can be seen by comparing Figure
19 and Figure 20 as the battery box was rigidized. Those parts had very small mesh elements leading
LS-DYNA to choose a very small step size. The step size chosen by LS-DYNA after optimizing the
model was 3.86 𝑥 10−8 𝑠 leading to a total simulation time of around 9 hours and 26 minutes. Stress
distribution across the truck, as well as nodal accelerations at the center and the rear of the frame, were
plotted to be compared to the experimental data.
Since a lot of measurements from varying heights and positions are available, the focus is mainly on
the middle 1m drop. Which is equivalent to an initial velocity of 4428 mm/s. Structural damping of 3%
of the critical damping was also given. Structural damping is needed because different elements in a
mechanical system tend to have friction and contact among each other. Since the energy dissipation
differs between different element characteristics, it’s quite hard to get an exact value of the structural
damping. Volvo Trucks uses around 3% of the critical damping in most of its structural analysis
simulations.
Table 2 shows the difference in simulation times between Nastran and LS-DYNA.
Table 2 Simulation times comparison between Nastran and LS-DYNA

Property

Nastran

LS-DYNA

Run time

~4ℎ𝑟𝑠

~9.5ℎ𝑟𝑠

Time step size

5 ∗ 10−4 𝑠

3.86 ∗ 10−8 𝑠

Output step size

5 ∗ 10−4 𝑠

5 ∗ 10−5 𝑠

To help visualize at which frequencies the variations are strong and at which frequencies the variations
are weak, power spectral densities were created in the result using the built-in MATLAB function
pwelch which uses Welch's overlapped segment averaging estimator to give an estimate of the PSD.
This function takes the input signal, a window (hanning in this case), overlap value and sampling
frequency and outputs the PSD and frequency content.

8.1.1

Stress Distribution

Figure 21 shows the stress distribution across the truck at time 8.5𝑚𝑠, which is the first stress wave
registered at impact.
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Figure 21 Truck model stress distribution at time 8.5ms

Figure 22 Stress distribution at time t=8.5ms of the truck frame.

Figure 23 shows the stress distribution at time 𝑡 = 55𝑚𝑠, which is before the moment the weight was
on its way up. The stress in this figure is more distributed than Figure 21 because the stress wave took
its time to reach other parts of the truck, which is the expected behavior compared to the real truck.
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Figure 23 Truck model stress distribution at time 55.5ms

Figure 24 Shows the stress distribution across the rear right engine cushion at time 𝑡 = 55.5 𝑚𝑠.

Figure 25 shows the stress distribution across the rear right engine cushion at time 55.5 𝑚𝑠.

31

Figure 25 Right engine cushion stress distribution at time 55.5ms.

8.1.2

Accelerations
Figure 26 shows the acceleration in the middle of the left frame from simulation and
experimental results. The results were filtered with a low-pass Butterworth filter with 200 Hz
cutoff frequency. All the accelerations are filtered with the same low-pass filter with 200 Hz
cutoff frequency.

Figure 26 Comparison of Experimental and Simulation accelerations in the middle of the left frame from a 1m
drop height at the middle of the truck.

Figure 27 shows a zoomed in version of Figure 26 from 0 to 200ms.
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Figure 27 Comparison of Experimental and Simulation accelerations in the middle of the left frame from a 1m
drop height at the middle of the truck. Zoomed in from 0 to 200ms.

Figure 28 shows a power spectral density comparison in the middle of the left frame.

Figure 28 PSD map of accelerations comparison between experimental and simulation results in the middle of
the left frame.

Figure 29 shows the acceleration at the middle of the left frame from simulation and

experimental results but by multiplying the stiffness values by a factor of 2 of the discrete

33

elements under the dumper body. The intention was to test out a better linear approximation of
the nonlinear behavior of the dumper cushions.

Figure 29 Comparison of the experimental and simulation acceleration at the middle of the left frame from a 1m
drop height at the middle of the truck, with the stiffness of the dumper bushings multiplied by a factor of 2.

Figure 30 shows the acceleration at the rear of the left frame between simulation and experimental
results.
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Figure 30 Comparison of Experimental and simulation at the rear of the left frame from a 1m drop height at the
middle of the truck.

Figure 31 Comparison of experimental and simulation accelerations at the rear of the left frame from 1m drop
height at the middle of the truck, zoomed in from 0 to 200ms.

Figure 32 shows a power spectral density comparison at the rear of the left frame.
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Figure 32 PSD map of accelerations comparison between experimental and simulation results at the rear of the
left frame

8.1.2.1

Frame Contact

Figure 33 and Figure 34 show the frame vibrating and penetrating some other components such as the
back plate.
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Figure 33 Rear plate and frame before penetration.

Figure 34 Rear plate and frame after penetration.

In this section, contact between the frame parts was introduced as shown in Figure 35 despite having
initial penetrations between the frame and the sub-frames. Contact was introduced as follows:
• Contact between upper(1) and middle(2) frame
• Contact between the middle(2) and lower frame(3)
• Contact between backplate(4) and upper frame(1)
• Contact between tipping cylinder (5) and upper frame(1)
Contact type was automatic surface to surface, meaning that master, as well as slave nodes, are
checked for penetration. For steel on steel friction, an approximate value of static friction is 0.74
and 0.42 for dynamic friction was applied [18].

37

5

1

4
3
2
Figure 35 Figure shows contact definitions between upper frame (1), middle frame (2), lower frame (3), back
plate (4) and tipping cylinder (5).

Figure 36 shows the acceleration in the middle of the left frame from simulation and

experimental results with contact introduced as mentioned above.

Figure 36 Comparison of Experimental and Simulation accelerations in the middle of the left frame with contact
introduced from a 1m drop height at the middle of the truck.

Figure 37 shows a zoomed in version of Figure 26 from 0 to 200ms.
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Figure 37 Comparison of Experimental and Simulation accelerations in the middle of the left frame with contact
introduced from a 1m drop height at the middle of the truck. Zoomed in from 0 to 200ms.

Figure 38 shows the acceleration at the rear of the left frame with contact introduced between simulation
and experimental results.

Figure 38 Comparison of Experimental and simulation at the rear of the left frame with contact introduced as
described above from a 1m drop height at the middle of the truck.
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Figure 39 Comparison of experimental and simulation accelerations at the rear of the left frame with contact
introduced from 1m drop height at the middle of the truck, zoomed in from 0 to 200ms.

8.1.3

Engine mount forces

This part compares the forces in both rear left-and-right engine mounts between the experimental data
and the simulation data obtained by LS-DYNA.
Figure 40 shows the comparison in the rear left engine mount.
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Figure 40 Comparison of Experimental and simulation force in the z-direction at the rear left engine mount.

Figure 41 shows the comparison in the rear right engine mount.

Figure 41 Comparison of Experimental and simulation force in the z-direction at the rear right engine mount.

8.1.3.1

Frame Contact

Figure 42 shows the comparison in the rear left mount with contact as described in section 8.1.2.1 above.
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Figure 42 Comparison of Experimental and simulation force in the z-direction at the rear left engine mount with
contact as defined in section 8.1.2.1.

Figure 43 shows the comparison in the rear right mount with a contact definition in the frame as
mentioned above.

Figure 43 Comparison of Experimental and simulation force in the z-direction at the rear right engine mount
with contact as defined in section 8.1.2.1.
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8.1.4

Comparisons
8.1.4.1

Accelerations

Figure 44 Comparison of accelerations between the experiment, simulation without frame contact and
simulation with frame contact at the middle of the left frame.
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Figure 45 Comparison of accelerations between the experiment, simulation without frame contact and
simulation with frame contact at the middle of the left frame. Zoomed in from 0 to 200ms.

Figure 46 Comparison of accelerations between the experiment, simulation without frame contact and
simulation with frame contact at the rear of the left frame.
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Figure 47 Comparison of accelerations between the experiment, simulation without frame contact and
simulation with frame contact at the rear of the left frame. Zoomed in from 0 to 200ms.

8.1.4.2

Engine mount forces

Figure 48 Comparison of forces in the z-direction between the experiment, simulation without frame contact
and simulation with frame contact at the rear right engine mount.
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Figure 49 Comparison of forces in the z-direction between the experiment, simulation without frame contact
and simulation with frame contact at the rear left engine mount.

8.2

Nastran

Figure 50 and Figure 51 show the acceleration in the middle of the left frame from simulation

and experimental results. The results were filtered with a low-pass Butterworth filter with
300Hz cut-off frequency.

Figure 50 Comparison between measurement and simulation using SOL 109.

46

Figure 51 a zoomed in version of Figure 50.

Figure 52 Comparison of acceleration between Nastran and LS-DYNA in the middle of the frame
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Figure 53 Comparison of acceleration between Nastran and LS-DYNA in the middle of the frame, zoomed in
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9

ANALYSIS AND DISCUSSION

9.1

Nastran SOL
measurement

109

vs.

LS-DYNA

vs. Experimental

The material descriptions and most elements are alike in both LS-DYNA and Nastran, so the only real
difference is the contact definition. As can be seen from Figure 52 the two solvers do not produce similar
results, this is most likely due to the difference in contact definition in the two cases. In Nastran the
weight is basically stuck to the surface of the dumper body while LS-DYNA uses a surface-to-surface
contact algorithm which models real interaction between the weight and the dumper body. The contact
definition in LS-DYNA produces a signal with higher frequencies which is truer to reality. The
simulation time was also increased in LS-DYNA due to the contact definition, Nastran took roughly
four hours to finish the simulation while it took LS-DYNA about 9 hours and 21 minutes. The time
step-size differed as well, a fixed step size of Δ𝑡 = 5 ⋅ 10−4 𝑠 in Nastran was used while a step-size in
LS-DYNA is determined by the smallest element which gave a step-size of Δ𝑡 = 3.609 𝑥 10−8 𝑠 so the
step size of Nastran is about 10000 times larger than the one in LS-DYNA. The results obtained from
LS-DYNA seem to agree much better with the measurement by looking at Figure 27 and Figure 31.
As seen in Figure 29, the stiffness value for the rubber bushings under the dumper body were multiplied
by 2 to see if changing the gradient of the force-displacement curve would give a closer linear
approximation to the nonlinear model, the prediction was that increasing the stiffness would cause the
curve in Figure 27 to drop earlier at around t= 0.015 s following the experimental data. Looking at
Figure 29, we can see that the curve does indeed drop earlier but causes a larger acceleration of the node
at the middle of the frame.

9.2

Rear frame of the truck in LS-DYNA

9.3

Engine Mounts

9.4

Discussion on the work as a whole

As seen in Figure 27 and Figure 31 since there is no real contact definition between the rear plate and
the frame, nor between the tubular axis and the frame, there are some unwanted vibrations and
penetrations that causes the acceleration signal to be distorted. If contact was defined in these places, a
better result would have been obtained, contact between the frame and the sub-frame was not possible
in this specific model due to the existence of initial penetrations between the two components, as they
were created with no contact definition in mind.

Looking at the results in Figure 40 and Figure 41, one notices a very good correlation between the
measurement and the simulation data up until the first 300ms. The correlation gradually declines in
accuracy after that, this could be due to several reasons, some of which are the linearity of the model
and especially the linearity of the definitions of the stiffness in the rear engine mount springs.

Since both students were completely new to the area of simulation, the start of the thesis work was
rough since we did not know how or where we should start, but with time and support from the
supervisors, we could eventually start to get a grasp of how we should attack the problem. A lot of
problems were faced at the beginning with getting the software to do what we wanted it to do and this
problem never seemed to disappear since there was always a new error or a previously encountered
error that seemed to abort the simulation. By the method of trial and error, we managed to understand
why these errors occurred and could avoid them. One major setback in the project was that we could
not get a license for the specific solution sequence, SOL 700, in Nastran which is an explicit method
which can solve nonlinear transient problems. The solver was desired at the start of the work since the
truck models were written for Nastran. Because of this problem, we had to use LS-DYNA which is
different from Nastran but there are a lot of similarities as well which was the reason why we chose LSDYNA at the end. Because of this change, we had to translate the Nastran model into LS-DYNA model
before running the simulation this took roughly one whole month which was a bit too much. One thing
that we could improve on was time-management, as an example while one of us was working with
49

translating the Nastran model to LS-DYNA model the other could improve some other aspect of the
truck model such as the material behavior or some other physical behavior of the truck that would
further improve the model.
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CONCLUSION AND FUTURE WORK

Since the only difference between the Nastran model and LS-DYNA model is the contact definition
and the difference in explicit and implicit methods, one can conclude that the nonlinear contact
formulation in LS-DYNA is necessary since the result obtained in LS-DYNA is closer to reality than
Nastran. The explicit method that LS-DYNA uses is also future proof since the cost of the simulation
does not change if more nonlinearities are included.
This method should produce consistent results when using LS-DYNA as a solver if the steps
according to the description above are followed. Hence, we recommend Volvo to translate the Nastran
model to LS-DYNA before doing the rock loading analysis. The robustness of this method was not
completely verified as the only correlation with the measurements was made for the 1-meter middle
drop. This means for a more robust result, a check of different drop heights as well as different drop
positions must be made. A future work suggestion would be to test out those different drop conditions
to fully verify the robustness of the method.
Taking nonlinearities into account can also be a suggestion for future work such as material
nonlinearities, mainly by introducing nonlinear force-displacement curves for the spring constant
definitions as well as nonlinear force-velocity curves for the damping values. As mentioned earlier one
could also put more effort in describing the rubber paddings between the frame and the dumper body
as the material data inputted was not the same as the real truck but merely a default found in CVM. This
default is only a linear approximation inputted in CVM. Getting a more accurate rubber padding model
might help in getting a better correlation with the measurements but that will have to be left to be
verified by the people doing the actual future work.
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APPENDIX

12.1 Nastran to LS-DYNA translation

This appendix includes a reference to the script files used to achieve the translation form Nastran to LSDYNA. To be able to use those scripts in ANSA the following steps must be followed:

•

•

•

Each of these scripts does its own thing, so it’s imperative to save each of them in a
different file in a directory of your choice with the .py extension as they are written in
python.
To load each of these files, activate the Tools>Script>Load or import option. Loading
removes previously loaded scripts while importing adds the newly imported script to
the list of the previously loaded scripts. Navigate to the directory where you saved each
of the script files and load them.
To use the function, simply navigate to Tools>Script>User Script buttons. A new
window open with the name of the script. Press on the button to start using the script.

The translation scripts provided are available at Volvo Trucks and are not included in this
report. They can be found in the report submitted to Volvo or in the project directory created
at Volvo trucks for this project.
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