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Abstract

In 2001, the United Nations Economic Commission for Europe decided that all trucks
manufactured as from that year need a front underrun protection system (FUPS).
This as a step in order to decrease fatalities in head-on collisions between heavy goods
vehicles (HGV) and passenger cars. A further development of the FUPS is an energy
absorbing FUPS (EA-FUPS). For a safety system like the EA-FUPS it is important
that its functions work properly in both expected and unexpected crash scenarios.
In other words, the system should be robust. In addition to a robust behaviour one
would like to determine the successfulness of the system, i.e., the reliability of the
system should be evaluated.

This Master’s Thesis contains a reliability and robustness study of an EA-FUPS;,
where stochastic analysis of a head-on collision between an HGV and a passenger
car has been utilised. In this analysis the probability density functions (PDF:s) of
collisions and structural parameters have been set up according to statistics from
real-world accidents and manufacturing data. Several responses from the numerous
crash simulations, solved with an explicit finite element method, were logged and
statistics were used to set up, e.g., probabilities and scatter plots to evaluate the
system.

The results show a FUPS that, although the energy absorbing capabilities are
rather non-robust and unreliable, fulfills its prime objective, which is protecting the
passenger car from underrunning the HGV. However, when the vehicle overlap is
small the FUPS is not stiff enough to protect the wheel from being hit. There are
several reasons for the unreliable energy absorption level, e.g., the energy absorbing
mechanism has poor compatibility with the front structure of many passenger cars.
Besides the resulting reliability and robustness analyses, an algorithm for performing
robust CAE is presented.

Keywords: Front underrun protection, robust FUP, FUPD, FUPS, EA-FUPS, UN ECE-
R93, FEA, stochastic analysis
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VI

ANSA
CAE

CDF

CI

COD

Cy
EA-FUPS
FEA
FUPS
LHS
LS-DYNA
LS-OPT
MCS

PDF
RADIOSS
UN ECE

Commonly used commercial pre-processing software
Computer-aided engineering

Cumulative distribution function

Confidence interval

Coefficient of determination

Coefficient of variation

Energy-absorbing front underrun protection system
Finite element analysis

Front underrun protection system

Latin Hypercube sampling

General purpose finite element package
Optimization tool, also suitable for stochastic analysis
Monte Carlo simulation

Probability density function

General purpose finite element package

United Nations Economic Commission for Europe
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1 Introduction

In statistical data provided by the Swedish Transport Administration (formerly known as
Végverket) [1] and the German insurance institute for traffic engineering (GDV) [2] a large
part of head-on collisions between passenger cars and heavy goods vehicles (HGV:s) end
up with fatalities in the car. Besides structural differences the main reason is the large
difference in kinetic energy and momentum between the passenger car, referred to as car,
and the HGV, referred to as truck. This is a problem on single carriageways, which are
very common in, e.g., Northern and Eastern Europe and Great Britain.

According to current regulations UN ECE-R93' [3], trucks manufactured after 2001 [4]
must be equipped with an underrun protection in the front, a so called front underrun
protection system (FUPS). This must in a head-on collision with a car stop the car from
going under the truck and at the same time engage the crash protection of the car with its
energy-absorbing front structure. The present certification requirements on a FUPS are
partly a geometric demand to meet the structure of the car and a static force level that
the FUPS must withstand in order to satisfy the above functionality.

Today’s FUP-systems usually consist of a transverse horizontal beam (FUP-beam),
whose position is regulated by UN ECE-R93, rigidly attached to the longitudinal main
chassis of the truck, see Figure 1.1. A further development of this is an energy-absorbing
FUPS (EA-FUPS) where the FUP-beam is allowed to move backward up to a limiting
depth and at the same time absorb energy. This allows the truck to absorb some of the
kinetic energy in a collision, meaning that less damage will be subjected to the car [1].

Main chassis

Engine

Crash-boxes

Towers

FUP-beam

Figure 1.1: The main structure of a truck with the EA-FUPS in close up.

'BEuropean Commission directive regulating the deformation of the front underrun protection device
when applying static loads according to UN ECE-R93.
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1.1 Purpose

For a safety system, like the FUPS, to have maximum protective effect its functions need
to work properly in both expected and unexpected crash scenarios thus covering a wide
range of the most accident scenarios. This can be interpreted as that the system should
be robust [5]. What criteria to be used when describing the robustness of a FUPS are,
however, not obvious.

Today there is no test or simulation method for this purpose and in addition to certifi-
cation testing, only limited evaluation is performed. The development of energy absorbing
FUP-systems would require a better understanding and a qualitative measurement of the
robustness, such that new systems can be evaluated properly. In long term, certification
testing should be evolved to evaluate the energy absorbing abilities, but in the mean time
systems like this need to be properly evaluated during development. This is where robust
CAE analysis can contribute.

1.2 Scope

The project scope is to take an existing finite element model of a car and a truck, equipped
with an EA-FUPS, and simulate the collision stochastically according to a predefined load
space based on statical data from real accidents. From the results, robustness and reliability
analyses of the FUPS shall be presented in addition to suggestions on design modifications
to improve the robustness. The methodology presented and used to analyse the system is
supposed to be applicable on other FUPS, however, in this thesis only the Volvo FUPS is
analysed.

1.3 Overview of method

As stated above the purpose of a robustness analysis is to find the response from a wide
range of expected and unexpected loading scenarios. When the response shows high degree
of predictability the robustness can be deemed high while the opposite can be said if the
system response is unpredictable.

To perform a robustness analysis, parametric studies (deterministic analysis) can be
conducted, however, in this project stochastic analysis has been used. This basically means
that instead of using only nominal values (plate thickness, material data, impact angles,
speeds, etc.) partly random combinations of the input parameters are used. The reason
for this type of analysis, with stochastic simulations, is that the robustness of a system like
FUPS can not be determined easily with parametric studies [5].

The results from the stochastic analysis can then be used to analyse the total perfor-
mance of the system by different means. If the goal is to simply evaluate the robustness
or reliability the results will, besides presenting the performance under different loading
cases, also give information about the probability of certain responses (this demands input
parameters that represent real working conditions). Since no system is perfect, knowledge
about the likelihood of failure can be invaluable. When the purpose of the analysis is
improvement, the results can be processed by, e.g., principal component analysis (PCA),
which finds the response with dominating variability and the system can be altered in a
way that affects the robustness the most [5].

2 CHALMERS, Applied Mechanics, Master’s Thesis 2010:62



2 Theory

This chapter describes the basics of a number of tools needed in this thesis. The first
section concern mathematical statistics and probability. The subsequent section gives a
view of how stochastic analysis is performed. The last section in this chapter introduces
the finite element method.

2.1 Statistic analysis

In this section some definitions in mathematical statistics and probability and a brief
overview of the analysis tools for handling statistic data used in the thesis will be given.
For further reading see textbooks on the topic, e.g., [6]. The text below is taken mainly
from [6] and [7].

The probability P is defined as a positive measure, between 0 and 1, associated with an
event in probability space. When the event is defined as the occurrence of a real random
value X, being smaller than a prescribed value x, this is called the cumulative distribution
function (CDF):

Fy(x) = P[X < 1] (2.1)

which can be differentiated with respect to x to yield the probability density function
(PDF):

There are different ways to describe a random variable X, most common are the expected
value E[X] and the variance var[X]. The expected value, which can be interpreted as the
long run average value, is often approximated as the mean value X (N.B.: this must not
be the most probable sample value). The variance is a measure of the distance the sample
values x has to the mean value. In Equation 2.3 and 2.4 the expected value and variance
are defined for a continuous PDF.

EX]=pux = /_OO xfx(z)dx (2.3)
var(X] = 0% = BI(X — ") = [ (@ P (a)da (2.4)

The positive square root of the variance is called the standard deviation ox and is often
used to describe the dispersion of the distribution of X. It is also used in the coefficient of
variation ¢, (for a non-zero mean):

Cp = —. (2.5)
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2.1.1 Data description

The mean and variance for the samples x;,7 = 1,2,..., N, are often approximated as the
sample mean T and sample variance s*, defined as

T=4 Z i (2.6)

and
s = e Z(m —7)? (2.7)

respectively, see [6].

The median m in N samples is defined as the the value at position %N , when these
have been sorted in increasing order.

One way of describing the distribution of the samples z;,7 = 1,2, ..., IV, is the five finger
summary (FFS), which involves the median, the first and third quartile (Q1 and Q3), lower
and upper acceptable extremes (L and U), as (L, Q1,m,Qs,U). @ is the observation at
(iN + %)—th place and ()3 is the observation at (%N + %)—th place in the increasingly ordered
sample. Upper and lower extremed are defined as:

min[z;]
L = min and (2.8)
Q1 — 15(IQR)

and

max|x;]
U = max and (2.9)
Qs + 1L.5(IQR)

where

(IQR) = Q3 — @ (2.10)

is the inter-quartile range. In Figure 2.1 a FFS is represented by a bozplot (also called
boz-and-whisker plot).
When describing the distribution of samples one can set up a confidence interval (CI)

for which there is a probability of 1 - « of picking a sample x; contained within interval
[L,U] such that

PL<z, <U]=1-« (2.11)

where 0 < a < 1, see Figure 2.2 for an example. If a confidence level « is set (often to
0.01 or 0.05) for a specific sample distribution the corresponding CI will be given. The CI
is used to verify how well the estimate to the statistics describe the distribution, e.g., on
the sample mean or on the probability of succeeding a specified system performance.

Besides the distribution descriptions above, two other measurements can be useful in a
robustness analysis, i.e., skewness and kurtosis, see [5].

Skewness, also called the third standardized moment, is a measure of the degree of
symmetry in a distribution. The sample skewness g1, defined in Equation 2.12, is equal to
zero in a symmetric distribution, negative when the left tail is longer than the right and
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Figure 2.1: Boxplot (top) with the corresponding sample fraction of each part in the
Normal N (0, 0?) population (middle) compared to the fractions of the standard deviation
o (bottom).
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Figure 2.2: Examples of confidence intervals (in red) on estimations visualised as bar
charts.
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the main part of the mass is concentrated on the right hand side while positive skewness
shows the opposite, see Figure 2.3.

1 l’l—f 3
=N ; (2.12)

=1

N
L
N
L

Y
Y

Negative Skew Positive Skew ® O

Figure 2.3: Examples of distributions with negative and positive skewness.

Kurtosis, or the fourth standardised moment, is a measure of the peakedness or weight
of the tails of a distribution. High kurtosis describes a distribution with long thin tails
and a high peak indicating that the variance is a result of infrequent extreme deviations as
opposed to frequent deviations in low kurtosis. In Equation 2.13 below, the excess sample
kurtosis go is defined, where the "minus 3” is present to make the (excess) kurtosis of the
standard normal distribution equal to zero (see Section 2.1.2 for probability distributions).

1 il €T; — x 4
=1

In this way the kurtosis can be related to how similar it is to the normal distribution. In
Figure 2.4 the excess kurtosis for different distributions are plotted.

When a system handles multivariate statics, i.e., a large number of random variables,
X1, Xo, ..., Xy occur together, the variables can be collected in a random vector X as

X = [X1, Xo, ..., Xn|" (2.14)

and be inserted in the definitions for mean, variance, skewness and kurtosis above to create
the corresponding vectorial entities of these.

2.1.2 Probability density functions

Some continuous PDF':s have been analytically defined and the most frequent ones are
described below, however, several others exist and can be found in textbooks like [6].

The simplest PDF is the continuous uniform distribution U(a,b), which has the same
probability in the interval [a,b] as defined in Equation 2.15. An example with the interval
[-1.7,1.7] can be seen in Figure 2.4.

L fora<z<b

fl@) = { ? else (2.15)
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° -I5 -4 -3 -2 -1 0 1 2 3 4 5 @ @
Figure 2.4: Example of excess kurtosis for the Laplace (D), hyperbolic secant (S), logistic
(L), normal (N), raised cosine (C), Wigner semicircle (W) and uniform (U) distributions.

Undoubtedly the most widely used PDF-model is the normal distribution N(u, o), also
called Gaussian distribution. This is because of natural phenomena tend to show a normal
distribution when the sampling size becomes large. The distribution was developed by De
Moivre in the central limit theorem, in 1733, however, because of unfortunate events, his
work was lost and Gauss independently developed the normal distribution nearly 100 years
later. The normal PDF is defined in Equation 2.16 and examples of normal PDF's and the
integrated CDF's can be seen in Figure 2.5. A normal random variable with zero mean and
a standard deviation of 1 is called a standard normal random variable with distribution
N(0,1) [6].

_ (=)
f(w):\/;r?exp 202 (2.16)

2.1.3 Regression analysis

In multivariate statistics, a regression analysis focuses on the relationship between depen-
dent (response) variables and the independent (input) variables. The goal is a regression
model (also called meta-model or surrogate model) where an estimate Y to the expected
value of the responses Y are functions of the independent variables X and the parameters
B as seen in Equation 2.17. The purpose of the regressions are to minimize the error terms
€. To perform a regression analysis the functions must first be chosen, for example, in
the linear regression in Equation 2.18 there is a linear relationship between the response
variable and multiples of the independent variables, see Figure 2.6.

~

Y=Y+e=1(X,3)+e€ (2.17)

CHALMERS, Applied Mechanics, Master’s Thesis 2010:62 7
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Figure 2.5: Examples of probability density function (a) and cumulative density functions
(b) of the normal distribution.

Y=> BX"+e (2.18)

20F T T T T

13

1o0-

X ®O

Figure 2.6: Example of linear regression for several sets of responses Y and independent
variables X.

2.1.4 Association between variables

Different associations between the variables in a random vector X can be defined to show
couplings and dependencies in a system. Below, some different associations relevant for
this thesis are defined.

For two sets of random vectors X and Y the covariance matriz describes how much
the random entities in X change together with those in Y. This is defined as

Cxy = E[(X — px)(Y — py)"], (2.19)

where the matrix entities can be divided with the product of the respective standard devi-
ations to create the dimensionless coefficient of correlation, also called Pearson correlation
coefficient:

8 CHALMERS, Applied Mechanics, Master’s Thesis 2010:62
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Py = E[(X; — px) (Y — pvy)] (2.20)

0x,i0X,j

The correlation gives the first-order dependency between two random variables, but
unlike the covariance it becomes limited to the interval |[-1,1]. A positive or negative corre-
lation describes a total positive or negative linear relation respectively while independency
between the variables yields a zero value. However, the inverse is not true; a zero value
does not ensure independency, since the correlation cannot find higher order dependencies,
see Figure 2.7 for examples. The correlation has an equivalent sample version where the
factors in Equation 2.20 are replaced with the equivalent sample versions.

In order to find non-linear or other correlations between variables, another type of asso-
ciation must be used. An example is rank, which is a measure of how well the relationship
between two variables can be described using a monotonic function, i.e., if one variable
increases and the other does too a high rank is given, see Figure 2.8. For definitions of
rank, e.g., Spearman’s or Kendall’s, see [6].

1.0 0.8 04 0.0 : -0.8 -1.0

®0O

Figure 2.7: Examples of correlation values between two sets of points. Note that the
correlation reflects the noisiness and direction of linear relationships but not the slope
or any non-linear relationships. The center example shows independency between the
variables, however, since the variance is zero for the points in the ordinate the correlation
is undefined.

Besides the analysis tools already mentioned, several others can be defined to couple the
input variables to output (response) variables (I/O) or the output to each other (O/0O).
One is the coefficient of determination (COD), which utilises the underlying regression
model (such as, e.g., linear or quadratic) to build an approximation to the experimental
input-output relation. The COD can be used to give the relevance of the approximation
by the regression model. The importance of one variable is then measured by the decrease
of COD when removing this variable from the regression model [7].

The COD, which in [8] is defined as R?, represent the percent of the response data y;
that is the closest to the regression model §(z;). For example, if R? = 0.8 when based on a
linear model, 80 % of the total variation of the response y; can be explained by the linear
relationship with the regression model y which is a function of z;.

The coefficient of importance which is based on the COD is a prediction value to explain
the influence of a single input parameter and the definition can be found in [8].

CHALMERS, Applied Mechanics, Master’s Thesis 2010:62 9
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Figure 2.8: Example of different correlation values between two sets of points, while Spear-
man’s rank captures the monotonic relation perfectly, Pearson’s correlation does not.

2.2 Stochastic analysis

The main difference between deterministic and stochastic analyses is that while the first
uses fixed input parameters to evaluate a system the latter has its base in the fact that most
parameters in real world applications are random variables. When a product development
process involves the improvement of a system the following uncertainties are present [7]:

e Design variables: Depending on level of quality in the manufacturing process, uncer-
tainties in the design parameters may occur. The degree of influence on the response
can be used to obtain information about tolerances and quality required in compo-
nents.

e Objective function: In some applications the loading conditions and other external
parameters affecting the system can be quite straightforward but in several others,
e.g., an automotive crash, the parameters controlling the crash are nearly impossible
to foresee.

e Feasible domain: When a deterministic optimisation is run, the entire response do-
main is not spanned and the deterministic optimum might be in or close to the
unfeasible domain. Such problems are at the core of probability-based simulations.

The stochastic analysis can also be part of a robustness analysis where the results are
used to validate the system performance for the entire input domain. This is essentially
the first step of an optimisation or improvement scheme where the goal is robustness. As
most product development processes start with some sort of specification of demands, a
reliability analysis can be a tool for validating these demands and give information about
the risk of failure under working conditions.

2.2.1 Input parameters

The input parameters to a system analysis can be divided into the following categories:

e Design variables are variables that can be controlled and are the main tool to change
the system’s performance.

10 CHALMERS, Applied Mechanics, Master’s Thesis 2010:62



e Loading variables can to some extent be controlled depending on boundary conditions
but in many cases these are hard to set constant with full confidence. Often the
result of this is that the worst case scenario is tested instead of creating loading
conditions that represent real working conditions thus leading to oversized and/or
overcompensated system designs.

e Noise is a result of natural variations in system parameters and are often beyond
control. These can have little or large effect on the system depending on application,
e.g., if the material data is considered, a polymer structure would have a larger spread
in stiffness than most steel structures would.

To make a fair robustness analysis the input data should represent reality as close
as possible; in the case of a FUPS analysis, these should rely on statistical data, which
describes how real accidents occur. These input parameters, which define the loading of
the system, should then be combined with the design parameters and noise. Collecting
and generating an input space that represents true working conditions is an important step
in the stochastic analysis which could cause a problem. Especially when the analysis is
performed early in a product development process when a large quantity of the loading
conditions are unknown. However, just spanning the input domain can give valuable
information about its effect on the system performance.

The number of parameters to vary in a system can be almost infinite and a decision
based on engineering reasoning may be necessary to choose the most important ones. This
is not only a question of how complex the analysis will become but also of processing cost.
Each variable added will require more analyses; a rule of thumb is that n variables require
n? simulations to have the statistical properties of the response converged [9].

2.2.2 Analysis scheme

Depending on what kind of stochastic analysis to be done the simulation scheme can differ,
however, since this project was a direct robustness analysis the Monte Carlo simulation
(MCS) could be employed.

There is no single Monte Carlo method, instead it is a term describing a wide range of
applications with similar approaches. It is a computational algorithm that rely on repeated
random sampling to compute the results. Typical applications can be when there is high
uncertainty in the input or when it is impossible to compute an exact result determinis-
tically. As the name implies, the method refers to the famous casino in Monaco where
randomness is used. From a population the Monte Carlo method selects a subset, which
still represents the original distribution, and tries to approximate arbitrary probability
distributions [10].

In this analysis a commercial optimisation software called LS-OPT [11], which has
adopted the following MCS scheme, has been used:

1. Define a domain of possible input variables.

2. Repeat until convergence in statistical properties (e.g., sample mean and variance)
or the upper limit of number of allowed simulations is reached:

(a) Select the random sample points from the input domain according to a user
specified strategy and the statistical distributions assigned to the input vari-
ables.

(b) Perform a deterministic simulation (in this project a head-on collision between
a car and a truck) to calculate the system response.

CHALMERS, Applied Mechanics, Master’s Thesis 2010:62 11



3. Collect and evaluate the statistics of the responses.

In the sampling step, 2a, different methods can be applied to selecting the points.
While random sampling (sometimes noted Monte Carlo sampling) is supposed to choose
the points in a random or pseudorandom manner there are algorithms like Latin Hypercube
sampling (LHS), which is an advanced Monte Carlo sampling. LHS is a sort of stratified
random sampling where the input space is divided into layers and requires fewer sampling
points to represent the design space compared to Monte Carlo [8]. The sampling from
the layers is performed and different simulation sets, called hypercubes, are put together
randomly or via an optimisation algorithm in order to generate a good multidimensional
spreading [10].

2.2.3 Post-processing

After a simulation several post-processing algorithms can be utilised depending on the
type of analysis. If reliability and robustness are to be evaluated the statistics of the
response can be used to set up probability of succeeding the specified demands and PDF's
approximated on the response [11]. Analysis of the distribution of the response can also
be deemed robust or non-robust with quantitative measurements as skewness or kurtosis
as suggested by [5] (p. 139).

The response can also be used to build a regression model that can be interpolated and
in some cases extrapolated to explore new designs. Surrogate models are well documented
and for further reading on this topic see, e.g., [5], [8] and [11].

When the variability of the system needs to be examined a principle component anal-
ysis (PCA) can be used to find the dominating variability. This combined with different
correlation algorithms, e.g., linear or higher order correlation, rank or coefficient of deter-
mination, can find the most important input parameters. Smith [12] contains a tutorial of
PCA and in [5] (p. 126) one can find algorithms for including PCA in simulations schemes.

2.3 The finite element method

The finite element method (FEM) is a numerical procedure for solving partial differential
equations widely used in engineering analysis of a physical problem. The physical problem,
that can be both structures and continua, is idealised to a mathematical model that via
certain required assumptions leads to differential equations governing the mathematical
model. Since the finite element solution technique is a numerical procedure, the results
are rarely exact. Errors are decreased by adding more equations, i.e., creating finer mesh
until sufficient accuracy is reached.

The finite element method originated as a method of stress analysis but is today also
used in heat conduction, fluid flow, crash-analysis etc. It is used when problems become
too complicated to solve with traditional analytical methods. The algebraic equations, pro-
duced by the finite element procedure, are generated and solved on digital computers. The
complexity of the model describing the problem is therefore dependent on the performance
of the computer [13], [14].

12 CHALMERS, Applied Mechanics, Master’s Thesis 2010:62



3 Method

This chapter is divided into description of the simulation model, input variables from
statistical data and the analysis of the response. When developing an FE-model one must
first choose a unit system and use it consistently through out the work. For this simulation
a unit system common in crash simulation has been chosen, see Table 3.1.

Table 3.1: Unit system used troughout the thesis.

Length Time Mass Force Pressure Velocity  Density  Energy
mm ms kg kN GPa m/s M kg/dm? J

3.1 Crash simulation

To be able to analyse the FUPS, simulation with some sort of software was needed and
therefore a dynamic FEA was performed on the system. The first 120 ms of the crash was
analysed since this proved to be sufficient to observe the effects on the FUPS. The materials
were modeled as elasto-plastic!. The FE-model used to simulate the crash between the
truck and the car will be referred to as the simplified FE-model.

3.1.1 Simplified FE-model

In a robustness analysis it is of importance to perform enough simulations to get conver-
gence in the statistical results. To be able to run the desired number of analyses in as short
time period as possible the FE-model needs to be relatively small. This was the reason for
making simplifications to an FE-model received from Volvo Trucks.

The FE-model used by Volvo Trucks to evaluate FUP-systems consists of a Volvo truck
and a car. Since it was the FUPS of the truck being evaluated in this thesis the following
simplifications were possible. The car was substituted to an FE-model of another car with a
coarser mesh, having less than 30000 elements compared to 313000 elements in the original
FE-model of the car. Because the FUPS is located in the lower front part of the truck it
was possible to simplify parts of the truck that does not affect this area significantly in a
head-on collision. Parts of the truck such as the engine, the front part of the longitudinal
frame member and the leaf spring hanger, c¢f. Figure 3.1, were modeled as rigid bodies
since these parts are larger and stiffer than the parts in the FUPS. The body and the parts
behind the front axle of the truck were modeled as lumped masses and distributed in a
way that the moment of inertia was comparable with the original. These simplifications
reduced the size of the FE-model of the truck to 100000 deformable elements and thereby
the computational cost significantly. A representation of the simplified FE-model of the
truck can be seen in Figure 3.2.

The resulting FE-model called the simplified FE-model, consisting of the simplified
truck and the simplified car, is presented in Figure 3.3. The total number of deformable
elements in this simplified FE-model was 130000 elements compared to the original model
that consisted of 1130000 deformable elements.

iThe deformation behaviour of an elaso-plastic material includes elastic and plastic deformation.
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Figure 3.1: In the simplified truck FE-model the engine and the front chassis were modeled
as rigid bodies with the remaining rear parts attached as lumped masses (not seen here).

Figure 3.2: Representation of the simplified truck FE-model.

Figure 3.3: Simplified FE-model.
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3.1.2 Nominal simulation

To be able to draw confident conclusions from the simplified FE-model, which was prepared
in ANSA [15] and solved in LS-DYNA [16], it was important that the simplified FE-model
had the same or similar response as the original Volvo Trucks FE-model, solved with
RADIOSS [17]. To compare the responses of the two FE-models a nominal simulation,
which is the simulation that Volvo Trucks has used to evaluate the FUPS, was used. This
nominal simulation consisted of a number of fixed input parameters, ¢f. Table 3.2, used
to simulate both FE-models and compare the responses to validate the behaviour of the
simplified FE-model. Material input parameters were not varied in these simulations.

Table 3.2: Table of the fixed input parameters used in the nominal simulation. For defini-
tion of the parameters see Section 3.2.

overlap | 67 %
o 0°
V0, truck 35 km/h
Vo,car 35 km/h
Miruck | 12000 kg
Mear 1400 kg
hog 0 mmi

The responses of the two FE-models were during the first 20 ms almost identical. It
was first after 40 ms a difference could be identified. It was mainly the behaviour of the
tower (for definition see Section 3.2.1) that diverted. A comparison of the two simulations
showed that the tower bended less in the original FE-model, which is explained by the
fact that the two cars in the two models have differences in the front structure. Thus, the
behaviour of the simplified model was judged to be satisfactory.

3.2 Statistical data

The statistical data is divided into two sections, structural tolerances and collision data.
Structural tolerances concern geometrical tolerances and variation of material properties
in selected parts of the front of the truck, where the FUPS is mounted. The data available
concerning loading conditions from accidents between trucks and cars is limited. There is
rarely complete data on all the parameters chosen in this thesis from every accident and
the data that exist is often catalogued in non-electronic archives. The accident data used is
compiled in [18] from several different studies in Europe, see (2], [19] and [20]. The loading
conditions used in the simulation are found under collision data.

3.2.1 Structural tolerances

e The variation in thickness of the FUP-beam was one of the input parameters used.
The FUP-beam is the parts creating the transversal beam in the lower front section
of the truck, cf. Figure 3.4. The thickness was estimated as the nominal thickness
of the beam plus a tolerance (geometric variation) in the manufacturing process,
tFUP—_beam = tnom + tolpup. The variation in thickness, tolpyp, was simulated with a
normal distribution according to data received from the manufacturer.

fiZero height offset implies that the bumper of the car meets the FUP-beam of the truck on the same
height over the ground.
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Figure 3.4: The variation in thickness of the FUP-beam was one of the parameters used
in the simulation. The part highlighted shows the FUP-beam.

e The FUP-beam is attached to the truck via the tower which is hinged to the main
part of the chassis, cf. Figure 3.5. Since the tower is made of the same material as
the FUP-beam the distribution for the geometric variation in the tower is the same
as for the FUP-beam.

Figure 3.5: The parts highlighted are called the towers and attach the FUP-beam to the
main chassis, one tower on each chassis member.

e The crash-boxes, c¢f. Figure 3.6, are the parts in the structure supposed to absorb a
large part of the energy absorbed by the FUPS in a collision. The variation in thick-
ness of the crash-boxes were distributed according to data supplied by the material
manufacturer.

Figure 3.6: The parts highlighted shows a schematic design of the two crash-boxes, which
are attached behind the FUP-beam at P2 (¢f. Figure 4.4) and in the main chassis.
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e The yield stress of the materials of the FUPS can in the manufacturing process vary.
These variations were in the simulations distributed according to data supplied by
the material manufacturers.

3.2.2 Collision data

e The collision angle o was considered to be the relative collision angle between the
longitudinal axis of the vehicles, c¢f. Figure 3.7. The distribution of the collision
angle is found in Figure 3.8a from [2].

e Overlap was defined as the ratio between the width of the bumper of the car that
overlaps the front of the truck (x) over the total width of the bumper of the car
(y), cf. Figure 3.7. For example, if the car collides with the complete width of the
bumper into the front of the truck, the overlap is 100 %. The overlap was simulated
according to the distribution in Figure 3.8b from [2].

Overlap = X
y

Figure 3.7: Definition of the collision angle o and the overlap.
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Figure 3.8: (a) shows the distribution of the collision angle. (b) shows the distribution of
the vehicle overlap.

e The height offset was calculated as the difference between the height of the FUP-
beam and the height of the bumper of the car. In a collision it is preferable, when
considering energy absorption, if the bumper on the car and the FUP-beam on the
truck are on the same height over the ground. The height from the ground to the
bumper varies between different car models which results in that the bumper of the
car meets the front of the truck on different heights and that can affect the response
of the FUPS. The distributions for the two parameters are found in Figure 3.9 from
[18].
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Figure 3.9: (a) and (b) show the distribution of the height over the ground for the bumper
of the car and the FUP-beam, respectively.

e Since the simplified FE-model was not validated for higher energy levels than in the
original Volvo Trucks model, an energy limit was needed. A limit of 250 % of the
energy level in the nominal simulation was chosen since a higher energy level showed
unreliable response. In the accident data received from GDV [2], outliers in the truck
velocity were scratched. Example of outliers are: high velocity of the truck resulting
in total demolition of both car and FUPS and low velocity of the truck resulting
in no deformation and therefore no activation of the FUPS. These examples were
of no interest when analysing the behaviour of this FUPS. Similarly, outliers found
in the accident data of the mass of the truck and the velocity and mass of the car
were scratched [2], [19] and [20]. The velocities of the truck and the car in accident
data are often not specified separately, instead it is often the closing speed that is
possible to calculate from an accident scene. This means that the accident velocity
data available is limited. The truncated distributions used in the sampling are found
in Figure 3.10 and 3.11.
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Figure 3.10: Truncated distributions of the collision velocities of the car (a) and truck (b).
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Figure 3.11: Truncated distributions of the masses of the car (a) and truck (b). (The
velocities are converted to m/s before simulation.)

3.3 Simulation process

When the purpose is to run a large number of simulations with different input variables,
a software is preferable to use. In LS-OPT it is possible to choose a number of different
sampling techniques that generate values from specified distributions for the defined input
variables.

Two types of stochastic simulations have been performed; one kept fixed at the same
energy level as in the nominal simulation and one with an energy interval of 20-250 % of
the level in the nominal simulation. The first one was made to be a comparison to the
nominal simulation while the latter to examine the response of the FUPS in a wider energy
range. According to the statistical data in Section 3.2 the nominal simulation is in the
lower part of the energy spectra of real-world accidents while a robustness and reliability
study of a FUPS should include at least a large part of the entire spectra. In the fixed
energy analysis the velocities and masses of both truck and car were set to the nominal
values and in the variable energy simulation a constraint was set on the sampled energy
level to conform to the specified levels.
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3.4 Analysis of response

The Monte Carlo analysis resulted in several response points in a multidimensional response
space and the analysis tools in Chapter 2 can be used to view and evaluate such data. Slices
through the response space produce scatter plots (also called anthill plots) which show the
sample sets in 2D- or 3D-plots (for convenience only 2D-plots are printed in this thesis).

3.4.1 Stored responses

The robustness analysis of a system requires that the pertinent responses have been mea-
sured during the simulation. There is a problem to know in advance which responses that
are important to store, especially when only a point value is sampled in each simulation,
e.g., the maximum internal energy in a structural part, and not the entire energy history.
Several points of the same response can be sampled at different time steps, but since it is
a problem to know the behaviour of the FUPS at a certain time step, these values can be
hard to compare between simulations (with different input parameters). A valuable tool to
choose responses to sample can be a specification of demands and input from test engineers,
since the resulting statistical data is easy to compare to data from physical experiments
[5].

In the analysis of the this FUPS the responses in Table A.1 (Appendix A) have been
sampled during analysis. These responses were the same in both the fixed and the variable
energy analyses, except the total energy response F, which is redundant when the energy
level is fixed. The number of responses are high and not all of them have been used in the
results but can be taken as examples of possible responses to sample.

3.4.2 Post-processing strategy

Two types of analyses have been performed, i.e., reliability and robustness analyses. The
first is a method of measuring the reliability in different response variables, i.e., the proba-
bility and corresponding confidence interval of fail or success for a given event in a variable.
In this thesis this has been set up as a fictive (in lack of information on real values) spec-
ification of demands in Table A.2, where the parameters investigated were chosen as the
important ones for this specific FUPS, however, other parameters could be examined. The
robustness analysis consists of two parts, where the first is evaluating the distribution of
the individual responses, which could be called the quantitative analysis. The second is
an analysis of the overall behaviour and is in this thesis performed in a straightforward
manner; the scatter plots of the responses are examined manually on a high level to see
tendencies in the overall response, see Figures A.3 to A.5. Interesting individual scatter
plots are viewed closer and finally certain simulation runs are examined to explain their
position in the scatter plots.
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4 Results

This chapter covers the results produced from simulation as well as results from the lit-
erature studies of the utilisation of robust CAE. The reliability and robustness in CAE is
handled first with the reliability analysis of the FUPS following this. The chapter ends
with the robustness analysis.

4.1 Robustness and reliability in CAE

Robustness of a system could be, as mentioned above, a measure of the system performance
from expected and unexpected events. A Dictionary of Computing [21] defines it as:

”A measure of the ability of a system to recover from error conditions, whether gener-
ated externally or internally; for example, a robust system would be tolerant to errors in
input data or to failures of internal components. Although there may be a relationship
between robustness and reliability, the two are distinct measures: a system never called
upon to recover from error conditions may be reliable without being robust; a highly robust
system that recovers and continues to operate despite numerous error conditions may still
be regarded as unreliable in that it fails to provide essential services in a timely fashion on
demand.”

As defined here there is often a connection between robustness and reliability but also
a clear distinction. The Oxford Dictionary of English [22] defines the reliability in a broad
sense as:

”Consistently good in quality or performance; able to be trusted: a reliable source of
information.”

Clearly the definitions have a degree of overlap but in the statistical sense the reliabil-
ity of a system is to the risk of failure (or rather success of proper performance) while the
robustness is a measure of the ability to function even thought numerous errors occur.

For the analysis of a crash protective system like FUPS both measures are valuable,
however, since no failure state has been defined for the system the resulting analysis will be
a robust one. When specification of demands has been set up, these could be interpreted as
the states that are accepted and the simulation responses ending up outside the demands
as failure states; in this way a reliability study can be performed.

Both robustness and reliability are based on analyses that span the loading space and
Monte Carlo analysis is therefor a pertinent tool for both studies.

The definitions above give no information about a quantitative measure of robustness
and reliability. This is also a problem with most literature on the subject. While reliability
can be examined with defined failure state and resulting confidence for system success the
robustness is somewhat harder to define. In [5] the skewness and kurtosis of a system
response are suggested as a measure. For example, a response showing high positive skew-
ness is characterized by limit states, located in the right portion of the PDF, which might
be either an advantage or disadvantage depending on the application. A system with high
level of kurtosis is a system, which has only a few operational states with high probabil-
ity while remaining do not, and it is important to see whether these probable states are
desirable or not. In either case spiky character of the PDF suggests that jumps between
operation states can occur.

Another view of a quantitive measure of robustness would be the lack of quantification,
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i.€., if the system response shows such a strong randomness that it cannot be fitted with
any regression model the system behaves in a non-robust manner.

In lack of other mathematical tools the review of engineers is invaluable for examin-
ing resulting data and making a qualitative rating of the system robustness. However,
mathematical tools will be helpful to guide the engineer in this evaluation.

A type of non-robust behaviour that may need manual handling is the presence of
outliers, those points outside the five finger summary. These are responses that are not
typical to the rest and may be the indication of a system that has an alternative operation
mode, which is especially the case if there is a cluster of outliers present. Outliers can
sometimes be disregarded as improper response, and there are various rules for doing
this, however, this should be done with caution since they sometimes provide important
information about unusual circumstances in the system [6].

When the robustness of two systems are to be compared a problem arises; if quantifi-
cation of robustness is difficult then consequently the comparison of these is even harder.
Along with this a problem is that the result often is depending on the input variables and
not just the system model. For example, if the input variables in an analysis have either a
normal or uniform distribution the distribution of the response will most likely be different.
A solution to this could be to standardise the simulation and thus excluding this source of
variation, then the qualitative and quantitative robustness of two or more systems can be
compared.

4.1.1 Robust CAE methodology

In Section 3.4.2 the strategy used in this thesis was given but more elaborate schemes can
be adopted. Examples can be found in [5], [8], [23] and [24] and some commercial software
has been developed to perform robust analyses, e.g., LS-OPT [25] and optiSLang [26]. In
Figure 4.1 a scheme combined from several sources is shown.
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4.2 Reliability analysis

The reliability analysis is performed on the parameters specified in Table A.2 and in this
section the probabilities to meet the demands are examined. The probabilities presented
below is calculated from the simulation with the energy interval of 20-250 % of the nominal
simulation.

o [1ncp and Frucp: The section force limit in the crash-boxes during a collision was
set to 180 kN. It was set as a desire and computed as 120 % of the trigger force
150 kN, a level chosen by Volvo Trucks based on UN ECE-R93 § 3.3.4. [3]. Higher
force indicates local peaks and incorrect buckling. The probability of success can be
found in Equations 4.1 and 4.2 and in Figures 4.2a and 4.2b, respectively.

P[Fricn < 180 kN] = 0.97 (4.2)

Response: F_LH_CB
221 samples: Mean = 193 Standard Deviation = 37
95% confidence interval in red

P[x<180] { ‘

02 0.4 06 0.8 1
P[x<180] = 0.339 P[x>0] =1

(a)

Response: F_RH_CB
221 samples: Mean = 48.2 Standard Deviation = 56.4
95% confidence interval in red

P[x<180]

02 0.4 06 0.8
P[x<180] = 0.968

(b)

Figure 4.2: Probability of maximum section force in left (a) and right (b) crash-boxes.

o [pix, Fpex and Fps x: The points P1, P2 and P3 are situated in the front of the FUP-
beam and indicate different load application points used when certification testing is
performed. These are placed between the end and the middle of the beam, as seen
in Figure 4.4, and the longitudinal contact force subjected by the car in each point
can be compared with the force levels in UN ECE-R93 § 3.3.4. [3]. Hence these
probabilities are not used as a reliability measurement but rather a indication of how
well the forces in an accident compare to the certification forces. The probability of
success can be found in Equations 4.3 to 4.5 and in Figure 4.3.

P[Fp1x < 80 kN] = 0.50 (4.3)

P[Fpsx < 160 kN] = 0.75 (4.4)
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Figure 4.3: Probability of having contact forces in P1, P2 and P3 lower than the corre-
sponding certification force levels. Note that the negative sign is due to the definition of
the contact and can be directly translated to the probabilities in Equations 4.3 to 4.5.

Figure 4.4: The testing points P1, P3 and P3 on the left hand side of the FUP-beam.

o Fierup: A contact between the FUPS (with instep) and the tire of the truck is
unwanted and a nonzero contact force between these is an indication that the FUPS
has hit the tire. Because of noise the force level was set at 1 kN rather than 0 when
calculating the probability that the FUPS has not touched the tire in Equation 4.6
and Figure 4.5.

P[ﬂire,FUP <1 kN] = 0.20 (46)
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Figure 4.5: Probability of having low, almost no, contact force between the FUPS (with
instep) and the tire.

® [lirecar: Compared to the contact between the FUPS and the tire an even more
dangerous scenario is if the truck looses the possibility to steer. This is likely if the
car hits the tire of the truck. Therefore a demand of no contact (also 1 kN as above)
was set for the force between the car and the tire. The probability function is found
in Equation 4.7 and the probability plot is found in Figure 4.6.

P[Firecar < 1 kN] = 0.50 (4.7)

Response: F_tire_car
221 samples: Mean = 57.7 Standard Deviation = 124
95% confidence interval in red

P[x>0]
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Plx<1] = 0.498 P[x>0] = 0.507

Figure 4.6: Probability of the car not hitting the tire of the truck.

® Tginttruck: Lhe desired level for the ratio between the internal energy of the truck
and the total internal energy in a collision was set to be in the interval of 20 % and
80 %. The lower boundary is set low but still better than no energy absorbed as it
is in today’s solutions. The probability is found in Equation 4.8 and the probability
plot is found in Figure 4.7.

P[OQ < TE,int,truck < 08] =0.69 (48)

Composite; r_E_int_t
221 samples: Mean = 0.236 Standard Deviation = 0.067
95% confidence interval in red

P[x>0.2]

P[x<0.8]

0.2 0.4 0.6 0.8
P[x<0.8] =1 P[x>0.2] =0.688

Figure 4.7: Probability of maximum fraction of absorbed energy in truck over the total
absorbed energy in the collision.

e rgcp: The crash-boxes function is to absorb energy in a head-on collision. The crash-
boxes are designed to buckle in a specific manner and thereby absorb as much energy
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as possible. The ratio between the internal energy in the crash-boxes and the internal
energy in the truck was set to be between 30 % and 100 %. The upper level of the
desire, to be able to absorb 100 % of the trucks internal energy in the crash-boxes,
would mean that the only part damaged in a collision would be the crash-boxes which
of course is more of a utopia. The probability is found in Equation 4.9 and plotted
in Figure 4.8.

P[O?) <TgcB < 10] =0.23 (49)
Composite: r_E_CB

221 samples: Mean = 0.219 Standard Deviation = 0.122
95% confidence interval in red

P[x>0.3]

Plx<1]

0.2 0.4 0.6 0.8
Plx<1] =1 P[x>0.3] = 0.231

Figure 4.8: Probability of maximum fraction of absorbed energy in the crash-boxes over
the total absorbed energy in the truck.

® TEFUP—beam: 1he ratio between the internal energy in the FUP-beam and the internal
energy in the truck was set to a desired level of 0 % to 30 %, because high energy
would be a sign of large deformations which is unwanted in the FUP-beam. The
probability of achieving this is found in Equation 4.10, c¢f. Figure 4.9 for probability
plot.

P[TE,FUP—beam < 03] = 0.63 (410)

Composite: r_E_FUPbeam
221 samples: Mean = 0.287 Standard Deviation = 0.123
95% confidence interval in red

P[x<0.3] ‘

0.2 0.4 0.6 0.8 i
P[x<0.3] = 0.633

Figure 4.9: Probability of maximum fraction of absorbed energy in the FUP-beam over
the total absorbed energy in the truck.

® T iower: 1he ratio between the internal energy in the towers and the internal energy
in the truck was set to be in the interval 0 % to 20 %, because high energy would be
a sign of large deformations which is unwanted also in the tower, see Equation 4.11,
cf. Figure 4.10

P[re ower < 0.2] = 0.98 (4.11)

Composite: r_E_tower
221 samples: Mean = 0.1 Standard Deviation = 0.0482
95% confidence interval in red

P[x<0.2]

0.2 0.4 0.6 0.8
P[x<0.2] = 0.982

Figure 4.10: Probability of maximum fraction of absorbed energy in the towers over the
total absorbed energy in the truck.
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® 0Lbeami; OLbeam ru: The longitudinal deformation of the two longitudinal beams
in the front part of the car was given a limit of 500 mm. The original length of the
beams was 960 mm. This is the deformation zone of the car and therefore where
the most energy should be absorbed by the car. The probability plots are found in
Figure 4.11 and the probability in Equation 4.12 and 4.13.

P[(SLbeam,LH < 500 mm] = 0.43 (4.12)

P[(SLbeam,RH < 500 mm] =0.74 (413)

Response: dL_beam_LH
221 samples: Mean = -555 Standard Deviation = 272
95% confidence interval in red

P[x>-500]

0.2 0.4 0.6 0.8
P[x>-500] = 0.43

(a)

Response: dL_beam_RH
221 samples: Mean = -310 Standard Deviation = 296
95% confidence interval in red

P[x>-500]

0.2 0.4 0.6 0.8
P[x>-500] = 0.738

(b)

Figure 4.11: Probability of less than maximum compression of the front longitudinal beams
in the car.

e intrpy, intrpy, intrpz: The intrusions at P1, P2 and P3 (¢f. Figure 4.4) are regu-
lated by UN ECE-R93 §8.3 [3], where a maximum distance of 400 mm between the
frontmost part of the truck and a given point is allowed after certification testing
has been performed (cf. Figure A.1). Based on this and the geometry of the front
of the truck, the allowed intrusion levels were calculated to 287, 367 and 376 mm for
P1, P2 and P3 respectively. The probabilities and the probability plot for these are
found in Equation 4.14 to 4.16 and Figure 4.12.

Plintrp; < 287 mm] = 0.45 (4.14)
Plintrpy < 367 mm] = 0.98 (4.15)
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Composite: intr_P1
221 samples: Mean = 287 Standard Deviation = 149
95% confidence interval in red

P[x<287]
0.2 0.4 0.6 0.8
P[x<287] = 0.452
(a)
Composite: intr_P2
221 samples: Mean = 123 Standard Deviation = 85.4
95% confidence interval in red
P[x<287]
0.2 0.4 0.6 0.8
P[x<287] = 0.982
(b)

Composite: intr_P3
221 samples: Mean = 91.2 Standard Deviation = 69.3
95% confidence interval in red

PIx<376]

0.2 0.4 0.6 0.8
P[<376] = 1

()
Figure 4.12: Probability of less than maximum intrusion at P1, P2 and P3.

e dyp1: The lateral displacement of P1 is regulated by UN ECE-R93 §10.9 [3], where
the outermost part of the FUP-beam may not displace outside the mudguards or
end up more than 100 mm inside the outmost part of the wheel (¢f. Figure A.2).
Since the outermost part of the FUP-beam was not logged this was translated to an
interval of -50 mm to 35 mm lateral displacement for P1. The probability of success
is found in Equation 4.17 and displayed in Figure 4.13.

P[—50 mm < dyp; < 35 mm] = 0.25 (4.17)

Composite: dy_P1
221 samples: Mean = 137 Standard Deviation = 113
95% confidence interval in red

P[x>-50]

P[x<35]

0.2 0.‘4 0.‘6 0.‘8 i

P[x<35] = 0.258 P[x>-50] = 0.995

Figure 4.13: Probability of maximum lateral displacement at P1.

e Jyps: This parameter was used to indicate erroneous crash-box buckling which is
when the displacement in the point is high. The probability is found in Equation
4.18 and the probability plot is found in Figure 4.14.

P[~10 mm < ypy < 60 mm] = 0.85 (4.18)
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Composite: dy_P2
221 samples: Mean = 19.7 Standard Deviation = 27.9
95% confidence interval in red

P[x>-10]

P[x<60]

Plx<60] = 0.928 P[x>-10] = 0.919

Figure 4.14: Probability of maximum lateral displacement at P2.

® 0zpy, 0zpo, 0zp3: The vertical displacement in P1, P2 and P3 is regulated by UN ECE-
R93 §8.7 [3], where the ground clearance may never exceed 450 mm (cf. Figure A.1),
which gives a maximum displacement of 120 mm upwards for this FUPS. Probability
plots are found in Figure 4.15 and the probability is found in Equation 4.19 to 4.21.

P[52p, < 120 mm] = 0.88 (4.19)
Plozpy < 120 mm] =1 (4.20)
Plozps < 120 mm] =1 (4.21)

Composite: dz_P1
221 samples: Mean = 40.2 Standard Deviation = 63.9
95% confidence interval in red

P[x<120]
0.2 0.4 0.6 0.8
PIx<120] = 0.878
(a)
Composite: dz_P2
221 samples: Mean = -30.8 Standard Deviation = 16
95% confidence interval in red
P[x<120]
0.2 0.4 0.6 0.8
Plx<120] = 1
(b)
Composite: dz_P3
221 samples: Mean = -11 Standard Deviation = 11.9
95% confidence interval in red
P[x<120]
0.2 0.4 0.6 0.8
P[x<120] = 1
(c)

Figure 4.15: Probability of the vertical displacement in P1, P2 and P3 respectively.

4.3 Robustness analysis

In this section the analysis of the FUPS robustness is covered, i.e., quantitative and quali-
tative analyses are made of the responses from the Monte Carlo simulation. The responses
examined below are defined in Table A.1.
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4.3.1 Energy absorption

When developing an EA-FUPS the level of kinetic energy transformed into heat by friction
(referred to as energy absorption) is of course important and a pertinent start for the
robustness evaluation. While a high and robust level of total absorbed energy in the truck
is desirable in all EA-FUPS the level of the individual parts of the system is also important.
Particularly in the present system, which has crash-boxes designed to absorb most of the
energy. The following results are taken from the fixed energy simulation and later on in
this section data from the free energy simulation will be presented.

The internal energy fractions’ PDF':s, plotted as histograms in Figures 4.16 to 4.18,
shows both a spiky behaviour and limiting states. When the total absorbed energy of the
truck is concerned, a spiky behaviour with distinct operational states is not desirable (cf.
Section 4.1). These states can be derived from the level of absorbed energy in the crash-
boxes as seen in Figure 4.17 and are connected to the compression of these. The histogram
of the intrusion of P2 in Figure 4.18, shows a first, highly probable, operational state at
around 70 mm, where the crash-box is not activated and a second, less probable, state at
around 200 mm with full compression. Even when the crash-boxes are activated it is not
certain that the absorbed energy is high (¢f. Figure 4.19), which can be explained by an
improper buckling of the crash-box due to, e.g., weak attachments between the crash-boxes
and the main chassis.

Composite: r_E_int_t
131 samples: Mean = 0.249 Standard Deviation = 0.0645

Number of Samples

Figure 4.16: Histogram of absorbed energy of the truck g int truck, showing a spiky form
with two highly probable states around 0.22 and 0.34. The values above 0.4 are results of
simulations where low amounts of energy has been absorbed over all and not because of
high level of absorbed energy in the truck. The distribution has a skewness of 0.74 and a
kurtosis of 0.44.

The scatter plot of the amount of total internal energy absorbed by the truck shows
a non-increasing tendency with the overlap in Figure 4.20. When the overlap is low only
one crash-box is activated and as the overlap increases the other will be as well. However,
when comparing the energy absorbed in the crash-boxes to the overlap in Figure 4.21 this
does not increase linearly. In fact the amount of spread is much larger for high overlaps
and this is because the activation of the crash-boxes becomes more uncertain as stated in
the paragraph above (cf. Figure 4.18).

This is confirmed by studying the intrusion at left P2 against overlap in Figure 4.22
where the compression of the left crash-box increases with overlap up to about 60 % after
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Composite: r_E_CB
131 samples: Mean = 0.231 Standard Deviation = 0.122

Number of Samples

Figure 4.17: Histogram of absorbed energy in the truck rg cp, showing a spiky form with
two highly probable states around 0.17 and 0.34. The distribution has a skewness of 0.13
and a kurtosis of -0.46.

Composite: intr_P2
131 samples: Mean = 100 Standard Deviation = 65.1

Number of Samples

Figure 4.18: Histogram of intrusion at P2 in the truck intrp,, showing a spiky form with
two highly probable states around 70 mm and 200 mm. The distribution has a skewness
of 0.90 and a kurtosis of 0.07.
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Scatter Plot
Composite "intr_P2" vs. Composite "r_E_CB"
(Results of Iteration 1)
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Figure 4.19: Scatter plot of absorbed energy in the crash-boxes g cp and intrusion of P2
intrps showing a wider spread of the level of absorption as the intrusion increases.

which it shows lower levels. In Figure 4.23 there is a strong negative correlation between
the compression of the left crash-box and the height offset showing that a high impact
point does not activate the crash-boxes (c¢f. Figure 4.18).

Scatter Plot
Variable "overlap" vs. Composite "r_E_int_t"
(Results of Iteration 1)

r_E_int_t

overlap

Figure 4.20: Scatter plot of absorbed energy in the truck rgintrucc and overlap. (N.B.:
values of 7 int truck @above 0.4 for the same reason as in Figure 4.16.)

4.3.2 Geometric function

Another behaviour seen in Figure 4.21 is that below 25 % of overlap no energy is absorbed
in the crash-boxes, while Figure 4.20 and 4.24 shows that energy is absorbed somewhere in
the FUPS. This is explained in Figure 4.25, where the FUP-beam clearly absorbs energy
for overlaps beneath 25 %. This indicates that large deformations occur in the FUP-beam,
which is supposed to be stiff and transport the displacement out at the end to the crash-
boxes. This is clearly not the case when the FUP-beam bends instead. This behaviour can
also be seen in Figure 4.26 where it is clear that there are much larger deformations in P1
than P2 and that P2 does not follow the intrusion at P1. The negative correlation between
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Scatter Plot

Variable "overlap” vs. Composite "r_E_CB"
(Results of Iteration 1)
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Figure 4.21: Scatter plot of absorbed energy in the crash-boxes rg cg and overlap.

Scatter Plot

Variable "overlap" vs. Composite "intr_P2"
(Results of Iteration 1)

intr_P2

overlap
Figure 4.22: Scatter plot of the intrusion at P2 intrps and overlap.
Scatter Plot
Dependent "hoff" vs. Composite "intr_P2"
(Results of Iteration 1)
|
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a
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Figure 4.23: Scatter plot of the intrusion at P2 intrp, and height offset between car bumper
and FUP-beam hg.
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energy absorption in the crash-boxes and the FUP-beam, seen in Figure 4.27, tells that
bending of the FUP-beam results in a lower level of absorbed energy in the crash-boxes.
In Figure 4.28 and 4.29 the forces on the tire is plotted showing forces capable of

destroying the suspension.
Scatter Plot

Composite "r_E_int_t" vs. Composite "r_E_FUP_totint"
(Results of Iteration 1)

r_E_FUP_totint

r_E_int_t

Figure 4.24: Scatter plot of total absorbed energy in the FUPS 7 pup totint (NV.B.: fraction
of total internal energy in the collision) and absorbed energy in the truck 7g int truck-

Scatter Plot
Variable "overlap” vs. Composite "r_E_FUPbeam"
(Results of Iteration 1)

r_E_FUPbeam

overlap

Figure 4.25: Scatter plot of absorbed energy in the FUP-beam 75 pup—_peam and overlap.

4.3.3 Input dependencies

Figures A.6 to A.8 shows the linear correlations between the input variables and the re-
sponse in the simulations with free energy levels. These are used to find dominating input

parameters into the system.

e Structural tolerances: There are low correlations (almost none over 0.1) between
the structural input parameters and the response. Some parameters shows slightly
higher correlations, but are still rather low. For example the yield strength of the
FUP-beam o, shows a slight correlation to the displacements in P1 and P3 and the
force level in the left crash-box Fi cp, which has been covered in the section above.
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Scatter Plot
Composite "intr_P1" vs. Composite "intr_P2"
(Results of Iteration 1)
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Figure 4.26: Scatter plot of the intrusion at P2 and P1. Note that the maximum value of
the intrusion in P1 is twice as high as in P2.

Scatter Plot
Composite "r_E_FUPbeam" vs. Composite "r_E_CB"
(Results of Iteration 1)
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Figure 4.27: Scatter plot of absorbed energy in the crash-boxes rg cp and the FUP-beam
TE,FUP—beam-
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Scatter Plot
Variable "overlap" vs. Response "F_tire_FUP"
(Results of Iteration 1)
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Figure 4.28: Scatter plot of forces on the left tire subjected by the FUPS (and instep)
Fiire Fups against overlap.

Scatter Plot
Variable "overlap" vs. Response "F_tire_car"
(Results of Iteration 1)
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Figure 4.29: Scatter plot of forces on the left tire subjected by the car Fijecar against
overlap.
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e Collision data: Most of the influence of collision data has been covered in the section
above, however, some correlations can be observed. Since the level of the initial
kinetic energy is directly connected to severeness of the collision the mass and energy
have strong correlations to several responses that can represent this. Because of the
large difference in mass between the vehicles the initial velocity of the truck vg; has
much larger impact on the crash results than the initial velocity of the car vg.
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5 Conclusions

This chapter presents the conclusions made from the results. The conclusions concern
Robust CAE, Reliability and Robustness of the analysed FUPS.

5.1 Robust CAE

The usage of robust CAE is a pertinent tool for many engineering problems, especially
when the input domain contains large amount of uncertainties. When used early in the
development of a new system it can be used to explore the design space and give knowledge
about the most robust and reliable designs. There are also many tools, e.g., PCA, available
to improve a systems robustness and examinations of the statistics on the response informs
the engineer more about the design than mere deterministic analysis would.

When it comes to grading of the system performance the reliability is easy to quan-
tify while the robustness is hard to give an appropriate value. As seen in the figures of
distributions (cf. Figures 4.16 to 4.18) the skewness and kurtosis give some assistance in
finding non-robust behaviour in this application. If the system goes through an improve-
ment process where the system is altered in a way that changes the robustness and then
simulated with the same input it is possible to quantitatively compare the response, but if
two systems are analysed differently it is hard to do this. To create a useful grading system
for a system like FUP it requires some sort of standardised analysis, where the measure
is set. This standard analysis could consist of the input from accidents used in this thesis
but the responses and measure of these would need to be evolved.

In any case the robustness analysis should be performed in a software dedicated to this
task, so that the engineer can be properly guided and letting the handling of the numerous
response points be made easier.

5.2 Reliability of the analysed FUPS

It is important to remember that the probabilities presented are estimations based on
a limited number of accidents because of the infrequent documentation of all the input
parameters used in the simulations.

e Since input data for the simulation was based on accident data on roads with right-
hand traffic, the probability of successfully reaching the trigger force in the crash-
boxes is higher for the left crash-box compared to the right. The section force in the
right crash-box in an accident will most probably be below the set limit while the
probability to be below the limit in the left crash-box was estimated to 34 %. This
means that 66 % of all accidents show high force levels which could indicate spiky
behaviour and incorrect buckling or no buckling at all of the left hand crash-box.

e The longitudinal contact forces in P1, P2 and P3 (¢f. Figure 4.4) are likely to be
below the certification levels in UN ECE-R93 § 3.3.4. [3], which indicates that these
forces should be used with caution when designing trigger forces for an EA-FUPS.

As seen in Equation 4.4 there is a 75 % risk of having a trigger force below 160 kN
in P2.

e There is an 80 % risk of the instep to hit the wheel of the truck, which is a well
known problem. This is why the attachment of the instep should be weak enough
not to harm the steering but strong enough not to fatigue from everyday use. A
larger problem is that there is a 50 % risk of having the car hitting the tire of truck
(N.B.: this is a direct contact between the car and the tire and not with the FUPS
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in between). It can thus be concluded that the analysed FUPS is not very good at
preventing the car from hitting the tire and possibly destroying the steering.

A car is often incapable of absorbing a high energy level in a collision with a truck
without causing serious injuries to the occupants of the car. It is therefore desirable
to absorb a large part of the energy in the truck in a collision. In the performed
simulation the probability of having the truck absorbing 20-80 % of the energy in a
collision was estimated to 69 %, which is quite high. However, the lower level should
be increased to such level that the truck is capable to absorb the energy it contributes
to the collision (approximately 80 % in average) in future designs.

There is only a 23 % chance of having the crash-boxes collecting more than 30 % of
the total absorbed energy in the truck, which should be considered a low reliability
in the structure. Of course, the absorbed energies in the truck can be so high that
the measured ratio might go down, but a part of the system that is designed with
the sole purpose of absorbing energy should show high levels of doing so.

The 63 % probability of absorbing less than 30 % of the energy in the FUP-beam
indicates that the deformations in the beam are quite moderate. Unfortunately it is
not known if the remaining 37 % are excessive bending of the outer end of the beam
or just larger transverse compression.

In 57 % of the simulated collisions the car’s left longitudinal beam is fully compressed
which means that the FUPS activates the car’s own crash protective system.

The maximum allowed intrusions in the front of the FUPS are mostly met except in
P1 (the outermost point) where there is only a 45 % chance of preventing to large
intrusions. This is a result of a weak FUP-beam, which bends for small overlap
collisions and the fact that this point is already 90 mm further back than P2 and
P3 in the undeformed FUPS. A small overlap protection systems (SOPS) could help
prevent this.

The probability of being below the maximum vertical displacements in P1, P2 and
P3 are high. It is not surprising that the standard deviation is highest for P1 since
the position of P1 is on the far end of the FUP-beam. The mean of the vertical
displacement of P2 shows that most of the time this point actually moves downwards.
This and the above conclusion mean that in most of the collisions the FUPS fulfills
its prime objective, which is preventing the car from going to far under the truck
even though the energy-absorbing mechanism is not activated.

5.3 Robustness of the analysed FUPS

The robustness of the Volvo FUPS has been evaluated in a straightforward manner.

42

e The absorbed energy shows both a spiky behaviour and a left skewness, i.e., the high

levels are disconnected to the lower levels and less probable. This is coupled to the
activation of the crash-boxes which is far from certain. The problem has two reasons:

— The crash-boxes in the real FUPS are not parallel with the longitudinal axis,
i.e., they are pointing outwards at a small angle to the left and right respectively.
When colliding straight on, this angle locks the backwards motion of the FUP-
beam resulting in no compression of the crash-boxes. This is also a result of a
weak FUP-beam, which when hit in the middle at approximately P3 (see Figure
4.4) bends rather than transmitting the backwards motion to the crash-boxes.
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— The fact that many car bumpers have a positive height offset to the FUP-beam
result in a hit in the towers and above, rather than in the beam. (c¢f. Section
3.2.)

When the crash-boxes are activated it is not certain that the absorbed energy is high,
which can be explained by an improper buckling of the crash-box due to, e.g., weak
attachments between the crash-boxes and the main chassis.

A weak FUP-beam makes the FUPS loose its prime objective, to prevent cars from
being overrunned by the truck, and thus the car or parts of the FUP-beam (often
the instep) subject the tire of the truck to high forces. The result of this can be
catastrophic for both the car, the truck and other traffic.

A problem is the lack of high correlations between the input and the response. Besides
the obvious correlations as the initial velocity of the truck vy; and energy in the
collision, the structural variables showed low correlations. This is due to the fact
that the loading variables control the collision results. Therefore, design parameters
going in to a robustness analysis must be able to match the variability of the loading
parameters, if they are to give any affect.

The nominal simulation used to evaluate the original FE-model is not representative
for the operating conditions for the FUPS. The choice of parameters for the nominal
simulation were probably chosen to create a worst case scenario. This means that
the current system is optimised for a crash scenario that is unlikely to occur.

A major concern is that even though large resources are put into the development of
EA-FUPS a rather obvious way to consume energy would be to effectively decrease
the velocity of the truck before the moment of impact. Without a much larger energy
absorbing mechanism on the truck that can absorb the trucks total kinetic energy
in the collision (several times the car) the head-on collision between cars and trucks
will be catastrophic for the car. A proper EA-FUPS combined with other systems
that brake the truck can be an effective solution for saving many lives.
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6 Recommendations
The most important recommendations from this thesis are:

e Involve robust CAE in the development of crash protection system; then both the sys-
tem robustness and reliability can be improved. This is preferably made on an early
stage when the design parameters are free to vary and really affect the robustness,
as opposed this thesis, where the structural parameters are only noise.

e Build a proper input space such that the true operating conditions for the system
are defined.

e Increase the stiffness of the FUP-beam.

e Try to prevent the crash-boxes to buckle improperly. This could be made by guiding
the crash-box and improving the attachment at the top.

e Lower the trigger force for the crash-boxes so that theses are triggered more often.
This way there is a larger chance of absorbing energy in the truck.

e For future designs the hinges connecting the tower to the main chassis should be
placed higher or another system design should be implemented.

e To help preventing excessive intrusion of P1 a small overlap protection system could
be installed.
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A Figures and tables

The figures and tables that could not be fitted within the report can be found below.

Table A.1: Table of stored responses in each simulation run.

Parameter Sampling Filter, unit
Fincs Section force left crash-box Resultant, Max | SAE300, ms
Fru,cn Section force right crash-box Resultant, Max | SAE300, ms
Fpix Longitudinal contact force in P1 X-dir, Min SAE300, ms
Fpax Longitudinal contact force in P2 X-dir, Min SAE300, ms
Fps x Longitudinal contact force in P3 X-dir, Min SAE300, ms
Fiive rup Contact force between left tire and FUP | Resultant, Max | SAE300, ms
Flive car Contact force between left tire and car Resultant, Max | SAE300, ms
E Total energy in simulation. At t =0.00ms | none
E _
"B 632228 (original energy level) At t=0.00ms | none
total internal energy
TE.int Max none
’ total energy
total kinetic energy .
TE kin Min none
’ total energy
- internal energy of truck Max Hone
E, int, truck total internal energy
internal energy of car
T'E,int,car : Max none
At total internal energy
, internal energy of crash-box Max Hone
E.CB total internal energy of truck
, internal energy of FUP-beam Max Hone
EFUP—beam total internal energy of truck
, internal energy of tower Max Hone
E,tower t}gtal irgcernal energy of truck
. tower + EFUP —beam T £CB
"EFUP.totint  £ogal internal energy Max none
0 Lpeam i Compression of left longit. car beam Min none
0 Lbeam R Compression of right longit. car beam Min none
intrp; Intrusion at left P1 Last value none
intrpy Intrusion at left P2 Last value none
intres Intrusion at P3 Last value none
Oyp1 Lateral displacement of left P1 Last value none
OYpa Lateral displacement of left P2 Last value none
Oyps3 Lateral displacement of P3 Last value none
0zp1 Vertical displacement of LH P1 Last value none
02po Vertical displacement of LH P2 Last value none
02ps3 Vertical displacement of P3 Last value none
Ux car final x-velocity of car in local coord. Last value none
Uy car final y-velocity of car in local coord. Last value none
UX truck final x-velocity of car in global coord. Last value none
VY truck final y-velocity of car in global coord. Last value none
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Table A.2: Example of specification of demands used in the reliability analysis of responses.

Parameter | Lower limit | Upper limit | Demand/Desire | P[success]
Forces

FLH,CB 180 kN Desire 0.34
Fru,cn 180 kN Desire 0.97
Fpi x 80 kN 0.50
Fpox 160 kN 0.75
Fpsx 80 kN 0.72
Ftire,FUP 1 kN Demand 0.20
Fiive car 1 kN Demand 0.50
Energies

TE,int,truck 0.2 0.8 Desire 0.69
TE,CB 0.3 1 Desire 0.23
T, FUP—beam 0 0.3 Desire 0.63
T'E, tower 0 0.2 Desire 0.98
Intrusions

0 Lpeam L1 500 mm Demand 0.43
0 Lpcam, RH 500 mm Demand 0.74
ntrpy 287 mm Demand 0.45
ntrps 367 mm Demand 0.98
nitrps 376 mm Demand 1
Displacements

0yp1 -50 mm 35 mm Demand 0.25
0Ypa -10 mm 60 mm Demand 0.85
02p1 120 mm Demand 0.88
02po 120 mm Demand 1
02p3 120 mm Demand 1
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Figure A.1: Left side view of schematic FUPS including measurements. (from UN ECE-
R93 Part 11T [3])
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Figure A.2: Top view of schematic FUPS including measurements. (from UN ECE-R93
Part 11T [3])
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Figure A.3: Scatter plots of forces versus the input variables for the fixed energy simulation.
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Figure A.4: Scatter plots of energy fractions versus the input variables for the fixed energy
simulation.
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Figure A.5: Scatter plots of deformations of the truck versus the input variables for the
fixed energy simulation.
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Figure A.6: Correlations of forces versus the input variables for the free energy simulation.
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Figure A.7: Correlations of energy fractions versus the input variables for the free energy
simulation.
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Figure A.8: Correlations of intrusions in the truck versus the input variables

energy simulation.
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