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Abstract

This paper deals with lack-of-knowledge uncertainty in complex non-linear simulations on a com-
ponent level, i.e.; a crashbox during frontal impact of a vehicle. Specifically, the focus lies on using
interval field techniques to model the uncertain boundary conditions during impact simulations.
The uncertainty considered in this work is the unknown mechanical response from the adjacent
structure. This uncertainty is considered to be epistemic, representing the case where this adjacent
structure is unknown at the time the impact analysis is performed. In practice, this refers to the
situation where the adjacent structure is still under development, e.g., at a different department
or even outsourced. In addition, the safety critical performance of both, the component and the
overall structure should be guaranteed under a wide range of circumstances, which are typically
encountered in real-life situations. Typically, car manufacturers use multidisciplinary optimisation
to identify component designs that perform best on all requirements in a deterministic sense, while
minimising the overall weight. Unfortunately, the results of such optimisation schemes are known
to converge to an often non-robust optimum. As a result, the response of the structure may be
sensitive to small changes in input parameters or boundary conditions.

As an answer to these challenges, this paper proposes an interval field approach that accounts
for the epistemic, i.e., lack-of-knowledge, uncertainty of the adjacent structures, even in an early
design stage. This is accomplished by introducing a spatially varying uncertain mechanical com-
pliance in elements that connect the component to the adjacent structures. These elements have
an interval valued stiffness, which is varied along the component following the realisations of an in-
terval field. The bounds on the interval-valued response quantities of interest, i.e., mean force and
peak force, are identified using a differential evolution algorithm. This method is demonstrated
on four case studies of a full overlap crash analysis of a rectangular crash box, which represents
a generic component within the front structure of a vehicle. These case studies demonstrate the
applicability and the potential of the proposed method. In addition, in the last case it is shown
that the performance of the component can be assessed under an increasing range of uncertainty.
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1. Introduction

In recent years car manufacturers are changing from traditional test-based design towards
more simulation-driven approach due to the ever rising complexity in development and increase
of safety requirements. Examples of such safety requirements are, e.g., proposed by the United
Nations Economic Commission for Europe (UN-ECE) [1], or based on consumer tests, e.g., those
of the New Car Assessment Programmes (NCAP) like Euro NCAP [2] or Global NCAP [3]. These
tests represent the relevant accident scenarios while being also sufficiently repeatable to enable
controlled vehicle assessments and ratings. In these numerical approaches advanced numerical
methods for multi-disciplinary and multi-criteria optimisation are used to identify the appropriate
design compromises, see, e.g., [4]. However, even in standard cases, the performance of designs
obtained though optimisation are known to be very sensitive to small changes in input parameters.
This problem is further amplified when considering highly non-linear phenomena encountered in
crashworthiness studies [5]. Furthermore, the robustness - low sensitivity of responses to input
variations - as well as the reliability - low probability of constraint violations - have to be considered
additionally. This leads to an even higher numerical effort than just needed for a deterministic
optimisation.

In addition design criteria for crashworthiness are mostly related to bio-mechanical measures
(accelerations, velocities, deformations, forces, and moments) registered by Anthropometric Test
Devices (ATDs), also known as “dummies”. Examples are the Head Injury Criterion (HIC),
see the discussion in [6], or the Neck Injury Criterion (NIC), see [7]. The optimal quantity to
use in crashworthiness assessment is changing frequently, see e.g. [8]. However, during the early
development process, it is standard to consider mainly structural criteria, i.e., criteria related to
the performance of the car structures, as detailed geometrical and material data is not available.
Car-body related criteria address either aspects of the safety cage (deformation resistance parts)
or aspects of the crumple zones (energy absorbing parts), as illustrated in Figure 1. The design
of energy absorbing parts remains challenging, criteria as specific energy absorption (SEA), which
is the total energy absorption divided by mass, peak force or peak acceleration are commonly
used [9, 10].

(a) Deformation resistance parts (blue) (b) Energy absorbing parts (blue)

Figure 1: Example of a car body highlighting deformation resistance (left) and energy absorbing parts (right) for
a frontal impact [11]

1.1. Simulation based car body development

The development of the car body structure is a highly complex task, where all components
interact and the required force-deformation behaviour of the components is completely inter-
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dependent. Even the design of a single component is highly complex due to the high non-linear
behaviour in terms of mechanical plasticity, failure, contact, buckling, large deformations, strain-
and stress-rate-dependencies. In addition, a high number of different materials have to be mod-
elled, ranging from different steel types and other metals to glass, polymers, foams, composites
and bio-materials. The related computational effort is high; standard simulations take several
hours and in some cases even days, despite the integration of high performance computing (HPC)
in the simulation workflows. Therefore, to reduce this computational cost for the structural design
of energy absorbing components there are two main approaches found in crash related literature,
which are listed below and are illustrated in Figure 2.

a) Full vehicle FEM simulations with models as shown exemplarily in Figure 2: the com-
plete structure of the car is modelled and the developer modifies a component (or compo-
nents) assessing the changes via a complete repeat of the full set of crash simulations (note
that a small change will affect the car performance in multiple different crash tests).

b) Component simulations with pre-defined boundary and initial conditions. For this, there
are three options:

bl) The energy absorption of a component is assessed under drop test conditions, i.e., a
rigid plate or block with a certain mass and initial velocity is hitting the component.
Here, the dynamic effects are covered more correctly.

b2) A similar configuration as for bl) is used but by a crush test where a rigid wall with
a prescribed and constant velocity deforms the component in axial direction. Because
this is often done in a quasi-static manner, dynamic effects like inertia forces and
(strain-)rate dependencies are neglected.

b3) An alternative can be realised by using a full vehicle simulation and by registering
the deformation- or velocity-over-time of the FE nodes at the interface between the
component and the complete car structure. Then, the data of the interface nodes is
used as constraints in the component simulations.

In some cases, a full-vehicle simulation is used to assess the performance of a single component.
The advantage of this approach is that it takes all surrounding parts, as well as their interaction
with the component, into account. However, especially during early stages of the development
process, properties or design details of neighbouring components are not fully known. Typically,
the development is a concurrent process between multiple designers or even departments / com-
panies, where each designer or department is designing an individual component in parallel with
activities of the others. Therefore, the full vehicle model at this point may not be available, under
construction, or far from the final version. Hence, having a complete vehicle simulation during
development may mean that pseudo-accuracy is introduced by the level of detail that is obtained,
which neglects the development of other components. Therefore, potential wrong conclusions are
made and redesigns at a later stage would be needed to correct for these decisions.

In addition, the potentially high computational effort of a full-vehicle simulation makes it
nearly infeasible to realise a high number of full model simulations, such as needed for optimi-
sation and robustness or reliability assessments. For instance, a single simulation of the Honda
Accord model with 1.9 million elements [12] takes 14 hours on eight Intel(R) Core i9-7980XE
CPUs. The academic example used in this work on the other hand, as illustrated in case a) in
Figure 2, requires several minutes to calculate. Moreover, as the full car model consists of multiple
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Case a) Full vehicle test

Rigid wall

b1) Drop test
v =v, =56 km/h

Case b) Component tests

A

b1) Drop test type with dynamic effects

(rigid mass with initial velocity) Rigid wall

b2) Crush test type as quasi-static test b2) Quasi-static
(constant and normally low velocity) v = const.

b3) Substructure / component with
guided interface FE nodes
(prescribed velocity-over-time)

Interfaces

Figure 2: Example of full vehicle test (top) and component / sub-structure tests (bottom), after [4]

parts and materials that interact with each other, the uncertainties about all these parameters
should be carefully assessed and quantified. Therefore, detailed investigations should be conducted
concerning the range of these parameters as well as the relative likelihood of certain parameter
values within this range (as commonly quantified by a distribution function). This is very chal-
lenging in general, and especially in an early design stage where many design decisions may still
be open. In recent years, robustness studies on full vehicle models have been realised in, e.g.,
[5, 13]. However, these are rarely embedded in an industrial development and more importantly,
the uncertainties considered are far from complete.

1.2. Uncertainty in crashworthiness

In the three versions of crashworthiness assessment of a single component illustrated in Fig-
ure 2, the parts are evaluated in an isolated environment neglecting the influence of possible
modifications in the other components. However, from experience, we know that the mechanical
response of other components strongly influences the behaviour of the component under consid-
eration in the design study. Therefore, to the opinion of the authors, this - often unknown -
difference between fixed boundary conditions and coupled boundary conditions to adjacent parts
is of very high relevance, and should be considered in a single component impact performance
optimisation under uncertainty. When neglected, the identified optimum may be of questionable
value, as robustness or reliability problems on component level may lead to critical performance
issues in the global crash performance of the complete vehicle. The advantage of the single com-
ponent assessment is clearly the computational cost, i.e., a single assessment can be conducted
at a fraction of the time it would take to run a full crash model. In addition, validation of these
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simulations via physical experiments is less complicated as drop-tower tests or quasi-static tests
are widely used for single component testing, as opposed to full vehicle tests. The number of
scientific papers on the assessment of components is very high, see [14, 15] to give only some
of the most recent papers. However, the consideration of uncertainties is rarely undertaken on
component level. As an example the reader is referred to [16].

Nevertheless, a range of methods is proposed in recent crash related literature that take these
uncertain input parameters into account. Examples include load case and geometrical uncertain-
ties [17, 13|, or material uncertainties [18]. In these approaches, variations of the impact angles,
locations and velocities are considered. In some cases, these quantities are also combined with the
influence of manufacturing tolerances (variations in thickness, material parameters or geometrical
features like radii) [4]. Following these numerical approaches, one typically assumes the uncer-
tain input parameters to be independent. Regarding the parameters mentioned above, most of
them are direct input parameters of the finite element model except the geometrical changes such
as radii. For the latter, parametric shape modelling and mesh morphing tools have been devel-
oped [4]. In addition, efforts have been made on reducing the computational cost of uncertainty
propagation by a multi-fidelity approach in [19], or adaptive Kriging based approaches in [20].

1.8. Complexity of hierarchical development

The application of optimisation with robustness and reliability analyses in an industrial setting
remains challenging and time consuming, not only because of the high numerical effort. The main
reason is related to the context of systems engineering and the necessity of hierarchical develop-
ment caused by the high complexity of the product. This means that the different crash types (e.g.
front, side, and rear impacts) are treated by different people or even departments and companies.
As a consequence, every developer is working on a single component and not on the complete
vehicle. Therefore, requirements must be broken down to the component level. Consequently,
assessments are done as well on single components rather than on the full vehicle or system.
The well-known V-model approach and the more recently developed Component Solution Space
methodology [21, 22| enable this hierarchical development. However, following the Component
Solution Space approach, it is challenging to include the inter-dependencies of the different com-
ponents during a crash. As in the original Component Solution Space approach [21], deterministic
force-deformation curves are obtained for each of the components, with a range that is maximised
for each component until constraints are violated, e.g., order of plastic deformation, or acceleration
limits. However, in real incidents, impact angle, speed and impacting object are unknown and the
occurring deformations and force levels are uncertain. To resolve this, Component Solution Space
methods have been introduced that incorporate epistemic uncertainty: where [23] focuses on un-
certainties in force levels and [24] on remaining uncertainties, i.e., deformation lengths, energy to
be absorbed, critical acceleration limit. These methods provide bounds on the range in which the
component is performing as well as information about the range of uncertainty allowed for by the
adjacent structure.

To overcome the issues related to the decoupled development of complex interacting structures,
this paper presents a novel method to consider the interactions of a single component with these
adjacent structures. Typically, the design and optimisation of these single components are based
on droptower tests, bl in Figure 2, where one typically measures force and deformation of an
impacting object on a fixed specimen or component. However, this paper proposes a novel way
to design and optimise a single component by introducing uncertain boundary conditions that
account for the unknown behaviour of the adjacent structure, which is neglected in the typical tests.
Nevertheless, from experience, we know that the mechanical response of other components strongly
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influences the behaviour of the component under consideration in the design study. Therefore, to
the opinion of the authors, this - often unknown - difference between fixed boundary conditions and
coupled boundary conditions to adjacent parts is of very high relevance, and should be considered
in a single component impact performance optimisation under uncertainty. The structure of this
paper is as follows: Section 2 gives a detailed description of the proposed implementation of interval
fields at the boundary conditions. The difference between deterministic and uncertain boundary
conditions is illustrated for a number of case studies in Section 3, followed by a discussion of the
results in Section 4. Final conclusions are drawn in Section 5, which also provides an outlook of
future challenges.

2. Non-deterministic modelling of the adjacent structure

The uncertainty in the proposed modelling strategy stems from the assumptions and abstrac-
tions that are made concerning the mechanical behaviour of the adjacent components. Since this
uncertainty stems from a lack-of-knowledge about the final components, it is an attribute of the
analysis, and hence, epistemic in nature. Therefore, it is proposed to model it using the interval
framework. For the sake of argumentation, when one would attempt to model this type of uncer-
tainty using probabilistic methods, subjective information is inserted into the analysis [25], which
might give a false sense of accuracy. Applying interval analysis therefore is the most objective
approach since it acknowledges that there is no information on the likelihood of relative parameter
values within the interval bounds. Furthermore, when limited data about the actual boundary
conditions are available, approaches to infer the bounds based either on Bayesian analysis [26] or
inverse analysis can be applied [27].

A particular convenient interval technique for parameters that are spatially distributed is
the recently introduced framework of interval fields, which can be regarded as a possibilistic
counterpart to random fields [28] for quantities that are spatial or time dependent [29]. Following
this framework of interval fields, locally defined intervals are expanded through the model domain
based on a set of a priori defined basis functions. Multiple definitions of these basis functions can be
found in literature, which are based on inverse distance weighting [27], affine arithmetic [30, 31, 32],
radial basis functions [33], a spatial averaging method [34], or set-theoretical approaches [35, 36].
A recent overview of interval fields can be found in [25]. The following sections start with a
detailed description of the interval field framework, and end with a description how this concept
is used to model the epistemic uncertainty about the adjacent structure in a component finite
element simulation.

2.1. Interval field analysis

This section provides a detailed description of interval field analysis, as introduced in [29]. In
this work, the following definitions are used: interval parameters are indicated using apex I: x!;
a vector is indicated as lower-case boldface characters x; matrices are expressed as upper-case
boldface characters X, and interval parameters are represented using the bounds of the interval

defined as:

o' =27 ={reR |z <z <7}, (1)
where z stands for the lower bound and Z for the upper bound. In addition, an interval can
be represented by the centre point & = % and radius Az = “5= of the interval. An interval

is considered closed when both the upper and lower bounds are a member of the interval. The
domain of a real-valued interval is denoted as IR.



wo  2.1.1. Ezplicit interval fields
The definition of an explicit interval field is given in Equation (2), where the field consists of a
superposition of n, € N base functions 9;(r) : Q + R defined over the geometrical domain  C R?,
where d is defined as the physical dimension of the problem. These base functions describe the
spatial nature of the uncertain parameter x, distributed along the coordinate r € 2. An interval
field scales these basis functions ¢(r) with independent interval scalars a! € IR, formally defined
as:

' (r) = &(r) + Y ti(r)a]. (2)
i=1

o with 2(r) € R the midpoint function of the interval field.
181 When © is discretised into n. finite elements Q¢ C €, these base functions v;(r) interpolate
12 the independent interval scalars o to dependent intervals for each Q¢, i = 1,...,n, by projecting
183 them onto a non-orthogonal vector space [37]. Further, the input space dimension is reduced if
184 Ny < ne, which reduces the computational cost of propagating the interval uncertainty towards
185 bounds on the response quantity of interest.

186 2.1.2. Interval Field finite element analysis
Let M(x) be the deterministic model that represents the crash situation under consideration.
The parameters of M are represented as a vector x € R™*. The entries of x represent for instance
constitutive material parameters, inertial moments or clamping stiffness. Solving the numerical
model M corresponds to transforming the parameter vector x through a set of scalar function

operators m; : R™ — R, i =1,...,n, to a vector of responses y(r) € R™, defined as:
M y(r)=mi(x(r)) i=1,...,n,. (3)
167 In an interval context, the uncertainty on x is represented as an interval vector x' = [z, 23, ... 2] ],
s with o/, 4,...,n, the i parameter interval. It should be noted that x’ is constructed as the n,-

. . . nﬁ . .
1o dimensional Cartesian product X x!, and hence, represents an n,-dimensional hyper-rectangle.
i=1

1o In the following, we consider the specific case where a single parameter of M is represented using
o1 an interval field z’(r). Hence, in this case, the input space is defined by the hyper-rectangle .
12 Note that this does not affect the generality of the developments, as the discussion can straight-
103 forwardly be extended towards multiple interval fields and/or combinations of interval fields and
104 scalar intervals.

The main goal of the interval field analysis is to identify the set of system responses y that
bounds the possible range of the responses y given z!(r). Since finding the exact set is in general
computationally intractable, the exact solution set y is usually approximated by a realisation set
ys defined as:

Fo = {yily; = miog ()%, (1) € x!(1):) = 1,...,m,} (4)
195 The set y is typically constructed by n, deterministic solutions y; = M(x;) of the numerical
s model, where y; is a vector containing the n, deterministic responses of the 4% solution. For each
w7 of these n, solutions, the interval field realisations x,(r) are generated by drawing a realisation
108 from the interval scalars constituting the interval field. The main challenge herein is choosing
1o X;(r) such that y, is a conservative approximation of y.

One way to obtain such approximation is to follow an optimisation approach. Here, y is
approximated by a conservative hyper-cube y’ = [y, 4, ... yI], with y C Y!. The corresponding
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optimisation problem is defined as:

y, = minm;(x) 4,...,ny,
- zex! (5)
Y; = maxm;(X) i,...,nNy,
zex!
where y! = [y,:;) is the i" solution interval. When a global minimum or maximum is found

through optimisation, the smallest hyper-cubic approximation of the solution set y, is identified.
However, it should be noted that the behaviour of the goal function with respect to the uncertain
parameters is unpredictable in the case of strongly non-linear problems, as considered in this
paper. This makes the computational effort highly problem dependent [38]. It can furthermore be
noted that the selection of the most appropriate optimisation algorithm is fully case-dependent.
For a recent review on interval field propagation methods, the reader is referred to [25].

In the specific case of crash analysis, the functional relationship between x and y, as given by
M, is strongly not convex. Therefore, the analyst has to resort to global optimisation schemes
to solve Eq. 5. A particularly well-known non-gradient based algorithm is differential evolution
(DE) [39], which is based on randomly selected sample points within the search domain. The
parameters governing the optimisation are the population size, the mutation constant, and the
recombination constant, which govern the number of samples that are used for each generation and
the amount of parameter space that is being explored, i.e., by additional samples, versus refined,
i.e., the new sample point is close to previously good performing points. For more information
about this approach, the reader is referred to [40].

2.1.3. Definition of the basis functions

An open question in the discussion in the preceding section on using interval fields to propagate
spatially uncertain quantities through M is the definition of the basis functions v;(r) ,4,. .., ny.
Realisations of the interval field as defined in Equation (1) are obtained through discretisation of
the basis functions. In this paper, the basis functions are based on the intuitive Inverse Distance
Weighing (IDW) framework, as studied in detail in this context in [37]. Basis functions 1;(r)
based on IDW model the spatial dependence of the interval scalars a! proportional to the inverse
distance from predefined locations r;, i.e., control points, throughout the model domain 2. In
practice, the interval field is discretised over rj, which corresponds for instance to the element
centre points, Gauss integration points, or nodal locations of the FE model under consideration.
In this approach, the basis functions are based on a set of normalised weight functions w;(r) € €.
These functions are explicitly defined as:

w;(r)
Yi(r) = , (6)
' Zyi1 w;(r)
with ¢ = 1,...,n,. The weight functions w; are inversely proportional with respect to a distance

measure d(-). This distance is measured to all other coordinates in the domain. A weight function
w; is denoted as:

(7)

with the power p € RT as a non-negative parameter that can be set by the analyst to influence
the rate of decay from the control point r;.

1
wz(r> = [d(ri, I')]p’
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2.2. Boundary conditions described by interval fields

The discussion in this paper is based on a full vehicle crash model and an exemplary component,
here a generic crash box, to illustrate the principle ideas. Figure 3 illustrates this component and
the typical simulation setup, where on the left the finite element model of the component is shown
and on the right an illustration of the typical boundary conditions is given where the red crosses
indicate the fixed nodes. The case that is considered in this work is a full-width overlap crash test
of a passenger car driving against a rigid barrier at 56 km/h, in accordance with the corresponding
NCAP test [2]. This type of test set-up is defined in several consumer and regulation tests and is
commonly used in scientific studies.

Finite element mesh Impacting moving plane
o
X @ ®
g
E !
= X ® ® —
]
i
=
* @ ®
®

(a) Finite Element Model of the crashbox with a rigid plane at- (b)‘Illustration of a general cras}'l set—u;‘)7 Witjh’ the red crosses ipdi—
tached to the nodes in the back (red) and impacting plane right cating the fixed nodes, and the impacting rigid plane on the right

Figure 3: Illustration of the crashbox and the general set-up of a crash analysis as used in this paper

The interval field concept is not directly applicable to this typical crash simulation, as illus-
trated in Figure 3b. First, a representation of the adjacent structure should be defined. In this
case the adjacent structure is modelled at the back of the component between the rigid wall and
the fixed nodes, which corresponds well to the physical location of these components within the
vehicle. Figure 4 illustrates the adjacent structure modelled by a set of connecting elements. The
epistemic uncertain lateral stiffness of these elements is represented by the interval field. Note,
that the described method also works for elements placed in front of the component, or a com-
bination of both, although this would require additional considerations about the properties of
these elements.

2.2.1. Interval field modelling of the connecting elements

In this work, a novel technique is used to model a one-dimensional interval field on a three-
dimensional component. This interval field is defined on the lateral stiffness of the elements
connecting the crash-box to the surrounding. As such, the interval field models the uncertain
compliance of the structure that is adjacent to the crash box. Specifically, the crash box is
modelled as a rectangular shell that is meshed by two-dimensional shell elements. In this case, the
nodes of the shell elements describe the circumference of a rectangular shape, as the thickness is
considered in the shell formulation. Therefore, the distance measure used in IDW can be calculated
along the circumference of the rectangular box, which yields a continuous one-dimensional interval
field along the circumference of the component. However, since the vector r describes a position
on a closed rectangular grid, the determination of the distance d(-) from the control point r; to
the other nodes r is less trivial as each nodal point can be reached following two distinct paths,
i.e., clockwise, or counterclockwise. In this case, we consider the shortest distance between two

9
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X e ® o

Figure 4: Illustration of the connecting elements, with the fixed nodes in red, the component in orange, and the
rigid impacting plane on the right

points on the circumference. This can be solved by only using the shortest path between r; and r
to determine the distance measure. e.g., using Dijkstra shortest path algorithm [41]. In addition,
element lengths can be directly used as weights in these shortest path algorithms and one directly
obtains the distance. Note that the application of Dijkstra’s algorithm in this case is superfluous
since only two possible distances exist. However, in more general cases, multiple paths may exist.
This motivates the application of shortest-path algorithms.

The other parameters to fully determine the interval field as described in Section 2.1 are: the
power p, the interval scalars o, i,...n;, and the location of the control points r;, i,...,n,. The
influence of each of these parameters is described in detail in different case studies (see Section 3.
In this paper, the power p is set at 2, which is reasonable based on prior experience [25]. It is
interesting to point out that higher values of p will increase the weight of the closest control point
and flatten the realisations near the control points, while a lower value of p decreases the influence
of the control points where the realisation are all closer to an average value.

Two illustrations of realisations of the interval field are given in Figure 15, where the dashed
black lines and red dots illustrate the variation of the normalised lateral stiffness of the elements
towards the fixed wall nodes in blue. In addition, the control points r; in this figure are shown as
blue nodes with a black circle located at the coordinates r; = [30, 30; 30, —30; —30, —30; —30, 30],
and for some cases the control points are placed between the corner nodes located at the coordi-
nates r; = [2,30; 30, —2; —2, —30; —30, 2].

2.2.2. Modelling the connecting elements

Depending on the analysis there are several ways to model the connecting elements at the back
of the component. The appropriate selection of the element type is important, since it influences
the energy balance of a crash simulation significantly. Figure 5 shows the effect of the connecting
elements on the energy balance for two different material models. In a typical crash scenario,
the kinetic energy FEj of the moving vehicle is fully translated into elastic and plastic deformation
energy By = Fejastic + Epiastic, Which is stored and dissipated by the deformation of the component.
However, an additional energy storing and dissipation element is introduced by the introduction
of the connecting elements. The amount of energy stored or dissipated in the elements depends
on the interval field realisation and the material model that describes the behaviour of these
elements. Figure 5b illustrates this behaviour where both, a linear and a bi-linear material model
are shown by respectively the full and dashed lines. Here, the plastic deformation of the bi-
linear model dissipates a part of the kinetic energy, which will therefore not be translated to the

10
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component. Therefore, the crash box is not subjected to the full kinetic energy of the impact. Such
situation is undesirable as this biases the comparison of the dissipated energy in the crash box
with respect to cases where less energy is dissipated in these connecting elements. Therefore, the
connecting elements are modelled with a linear material behaviour. Further, such linear model also
ensures a constant interaction between the component and the adjacent structure. The physical
interpretation corresponds to a crash where a certain amount of energy is stored elastically within
the complete structure, e.g., front structure of a vehicle, test machine, and this energy is released
back from the most rigid components to the deformed components. However, note that when the
elements are modelled as linear elastic elements, i.e., beams, forces higher than the yield force of
the material can be reached for a short moment of time. Since the failure of these connecting
elements are not of interest for the analysis, this is not critical.

Etotal Fy B
Ed 777777777 -
= Ry
-~ o
/ Eel
! €

(a) Energy balance of one simulation where all the kinetic energy (b) Illustration of the stress-strain behaviour of different material

E. is transformed into deformation energy E4, and energy in the models. Note that a little energy is lost in hourglass modes Ep,
springs Es; while the total energy remains constant

Figure 5: Two figures illustrating the impact of different material models on the energy balance of an impact
simulation; indicated by the full and dashed lines

3. Case studies

In this section, four different approaches to model the lack-of-knowledge uncertainty about the
adjacent structure are illustrated on a generic crash example. Specifically, the lateral stiffness of
the linear connecting elements is modelled according to following approaches: (1) a deterministic
benchmark case, (2) a scalar interval valued model, (3) an interval field approach, and finally (4)
an interval field approach with a varying degree of uncertainty, modelled by changing the interval
radius. The reasoning behind each of these cases is different where in the first cases (1-3) the main
goal is to quantify the bound on the output given a certain degree of uncertainty, and the final
case (4) is an investigation on the effect of different levels of uncertainty.

3.1. General setup and quantities of interest

In this section, a detailed investigation to the interactions between the interval field and a
generic impact-critical component are conducted under a load case that is defined on the full
overlap crash test. The generic component is represented by a rectangular box, which has sides
of 60 mm, a total length of 180 mm with a thickness of 2 mm, which is modelled by 2700
four-node shell elements, as illustrated in Figure 3a. The properties of the sheet metal used for
these components are modelled using a piece-wise linear plastic model [42]. The corresponding
parameters are listed in Table 3.1. Following the load case, the component is impacted by a rigid
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moving wall with a mass of 60 kg. The initial velocity is set to 56 km/h or an equivalent 15.6
m/s. This provides a total kinetic energy of 7300.8 J at the start of the simulation. In engineering
practice, it is common to assess the performance of these crash boxes in terms of the peak force
and the mean force that are generated during impact. The goal of a general engineering design
optimisation for impact is to identify the input parameters, such that an acceptable performance
threshold is met. Conventionally, in crash analysis the goal is to achieve a force that is as constant
as possible during the deformation.

Material model properties used for the component

Mass density p | 7830 kg/m? | Strain-rate parameter P 5
Young’s modulus £ | 200 GPa | Strain-rate parameter C' 40
Poisson ratio v 0.3 Yield stress oo | 366 MPa
Equivalent stress o7 | 424 MPa | Equivalent strain €1 0.025
Equivalent stress oy | 476 MPa | Equivalent strain € 0.049
Equivalent stress o3 | 507 MPa | Equivalent strain e3 0.072
Equivalent stress o4 | 529 MPa | Equivalent strain €4 0.095
Equivalent stress o5 | 546 MPa | Equivalent strain es 0.118
Equivalent stress og | 559 MPa | Equivalent strain es 0.14
Equivalent stress o7 | 584 MPa | Equivalent strain er 0.182

Table 1: Material properties used in the piece-wise linear plasticity material model of the component

3.1.1. Peak force

The peak force is a measurement of the highest force that occurs during the impact simulation.
In all considered cases, the peak force is measured at the rigid plane located at the back of the
springs. The location is also indicated as a red plane in Figure 7. The peak force is measured
directly from the output data without using any additional filtering:

Fleax = max F(t) (8)

teAt

This causes this measurement to be noisy due to numerical instability of the explicit solution
scheme. Typically, the peak force is measured just after the component and the rigid wall make
contact, which initiates the start of the typical deformation folds. In general, high peak forces are
avoided by car manufacturers as these are associated with high accelerations, which impose high
forces on the adjacent structure and eventually the passengers leading to more severe injuries.

3.1.2. Mean force

The mean force is an average measurement of the force during impact and provides global
information about the performance of a particular design. The mean force is calculated following
Equation (9) where the total energy of the component E,, is divided by the average final
deformation D(tgna1). In order to omit zero entries, only the force and deformation starting from
impact until the kinetic energy is zero are considered tgna1 : Exinetic (tana) = 0, neglecting the elastic
spring-back of the component.

Ecomp (tﬁnal) (9)
D (tﬁnal) ’

where D(tsna1) is calculated as the average displacement between the nodes of the start and the
end of the crash box.

F, mean —
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3.2. Benchmark case

This first case is used as a benchmark where the boundary conditions are applied in a normal
way, with two rigid planes in correspondence with the illustration in Figure 3b. Therefore, only
a single simulation is performed as there are no uncertainties considered in this case. The result
of this simulation is provided by means of a force-displacement graph, shown in Figure 6. In
this graph, the peak force and mean force measurements are indicated by a blue dot and an
orange dashed line, respectively. Note that it is common within industry to filter the results of the
numerical simulations of crash scenarios, see e.g., [43]. However, as there are no experimental data
to compare to, the results shown in this paper are provided without the use of any filtering. It is
clear that there is a large difference in peak force and mean force, which is not unexpected for a
component with this geometry, which is not optimised in any sense. In an industrial environment,
one would typically optimise the component such that the peak and mean force are more or less
equal to each other, or below an a priori set threshold.

—— Simulation [ ] Fpeak Fmean
250 4 Fpeak =254 kN
Frean =61 kN
200 1
= 150 4
<
S
o
“ 100 L\J
" ' M e,
50 - 'V VV ~
0 -

0 20 40 60 80 100 120 140
Deformation (mm)

Figure 6: Force-deformation curve of the benchmark case without filtering, red; location of the peak force, blue
dot; and the mean force, orange dashed line

The multiple peaks that are seen in Figure 6 are located at times where the force has built
up until reaching a threshold before the next fold is initiated. This corresponds perfectly with
the observed folding pattern, as illustrated in Figure 7. In this figure, the red plane is fixed and
the white plane on the right is impacting the structure, in correspondence with Figure 3b. The
folding pattern shows that three folds are created during the first 12 ms of the impact, which is a
local buckling mode starting at the impacting plane. The computational time for this simulation
is approximately 2 minutes on two cores of an Intel(R) Xeon(R) CPU E5-2695 v3 @ 2.3GHz
processor, which is reasonable in comparison to performing simulations on a full vehicle model.
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(a) time = 3 ms (b) time = 6.5 ms (c) time = 12 ms

Figure 7: Deformation of the benchmark case with fixed boundary conditions at different time steps, with the fixed
plane in red, and the impacting plane in white

3.3. Interval valued non-deterministic modelling of the adjacent structure

In the following case studies, the non-deterministic effects of the adjacent structure are mod-
elled by a set of springs at the back of the component. These springs are illustrated in Figure 4.
The lateral stiffness of each element is determined following a discretisation of the interval field.
This interval field with IDW basis functions is used to model the spatial dependency of the ele-
ment stiffness, which corresponds to the physical reality where the point-wise deformation of two
points in an adjacent component is also dependent on the neighbouring areas in this component.
As such, the interval field models the spatial distribution that is in a full-scale analysis provided
by adjacent connecting elements. Additionally, it is shown that it is needed to optimise the input
parameters of the interval field to obtain the worst case response of the structure, i.e., a response
that results in structural failure defined as higher accelerations.

3.3.1. Interval valued stiffness of the adjacent structure

For this case, the bounds of the lateral stiffness interval are considered to be given as k! =
[200; 330] MPa. Furthermore, it is assumed that all elements take the same stiffness value. This
assumption will not provide the worst-case bounds on the response as this would require the use
of optimisation, which is used in general for non-monotonic problems [44, 45|, and as will be
applied in the latter case studies in this paper. Nonetheless, the analysis is performed with these
assumptions to illustrate the effect the elements have on the overall performance of the crashbox.
The results of this case study are illustrated in Figure 8. In this figure, the force deformation
curves of this case are compared with those of the benchmark case. Figure 8 shows that both
the obtained mean force as well as the peak forces are lower than those of the benchmark case,
by 5.4 kN and 15 kN respectively. In addition, it also shows that the peak force is reached at a
lower deformation in both cases. This behaviour is explained by the elements that absorb, and
therefore deform, a part of the kinetic energy especially at the start of the impact, which is shown
in Figure 9. This figure shows that the time to absorb the kinetic energy is both higher and lower
depending whether the lower or upper bound is used. Hence, the time to build up the force and
initiate the first folds is increased.

Figure 9 shows that in the final stages of the impact event the elements set at the lower value
of the stiffness accumulate more energy than the stiffer elements (indicated in red), which causes
the total kinetic energy to be absorbed sooner. Therefore, the elements influence the time in
which the kinetic energy is absorbed by the component and the amount of kinetic energy, as a
part remains within the elements. The latter is of course an undesired effect as these components
are designed to dissipate a certain amount of kinetic energy. Therefore, care should be taken to
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Figure 8: Force-deformation curves of the interval valued case with the minimal and maximal peak- and mean
force indicated by arrows and solid lines, in blue and red

limit the amount that is elastically stored within the springs. Moreover, this figure also shows the
energy accumulated by the deformation of the component Egqpnyp, the kinetic energy Fii,, hourglass
energy Fi,, and the total energy Ei, of the simulation, which are truncated at the time all kinetic
energy is dissipated.

Finally, Figure 10 illustrates the deformation pattern at specific time steps where the results
of the upper row are set at the upper limit of the interval and the second row is set at the lower
interval value. It is clear from this figure that the deformation in both runs is quite similar but
with a small time delay for the lower limit, which is also less deformed at the end of the impact
after 18 ms.

3.8.2. Interval valued spatial uncertain stiffness controlled at the corners

In this case study, the interval valued stiffness for the elements is assumed to be spatially
coupled, while the size of the interval is identical to this of the previous case. As explained earlier,
this corresponds to the physical presence of the adjacent structure. The stiffness values of the
elements are coupled by means of an interval field. In this interval field, a set of discrete control
points are placed at the corner nodes of the crashbox. Further, rather than modelling the stiffness
of each of the 60 elements separately, only 4 parameters are required. This is advantageous from a
computational standpoint. The interval field used in this case is defined in section 2.1 with basis
functions that are based on IDW with p = 2, and the interval of the lateral stiffness is assumed
to have a midpoint of £ = 265 MPa with a radius of Az = 65 MPa, which corresponds to the
interval used in previous case k! = [200; 330] MPa. The bounds of the response are in this case
estimated by global optimisation using a differential evolution algorithm (DE). DE uses different
populations for each generation within the input space to actively search for the global minimum.
The results and the settings for the optimisation algorithm are summarised in Table 2, where the
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Figure 9: Energy balance of the interval valued case whit: the total energy Fi.; blue, the kinetic energy Fyi,
yellow, hourglass energy Fy, green, the energy of the adjacent structure F,q; red, and the energy of the component
Ecomp purple

(b) time = 5 ms (c) time = 18 ms
Deformation obtained by propagation of upper limit

Ve

(d) time = 2.5 ms (e) time = 5 ms (f) time = 18 ms

Deformation obtained by propagation of lower limit

Figure 10: Deformation of the interval valued case at identical time steps, with the fixed plane in red, and the
impacting plane in white

a5 interval scalars are denoted with an * when obtained through optimisation a* = max m;(x’).
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results of DE using control points at the corner nodes
value | pop | rec | mut nfal | nit aj fa% o5 o) Optimisation
22441 20 [0.3][0.91.7]|1155| 56 | 0.0634 | 0.9663 | 0.1508 | 0.2748 min Feax
261.7| 20 [ 0.3 |[0.91.7]| 220 | 8 |0.4767 | 0.6706 | 0.6464 | 0.3902 | max Fpeax

[ ]

[ ]

422 | 20 103 ((0.91.7) | 1325 | 59 | 0.5267 | 0.9036 | 0.5703 | 0.0222 | min Flean
61.4 | 20 | 0.3 0.9 1.7) | 9850 | 257 | 0.7300 | 0.1332 | 0.8988 | 0.1077 | max Fiean

Table 2: Results of the case study with control points at the corner nodes, including the DE parameters: population
size (pop), recombination constant (rec), mutation constant (mut), with the number of evaluations (nfal) and
iterations (nit) needed to identify the optimal interval scalar parameter o* for the different optimisation runs

From the summary in Table 2 and the corresponding force-deformation curves in Figure 11, it
is clear that when optimisation is used to actively search for the bounds, a larger interval is found
for both, the mean force and the peak force. Especially in comparison with the previous case,
it is clear that variation of the stiffness between elements yields larger bounds on the response
for both quantities of interest. Figure 11 further illustrates that both the minimal mean force as
well as the minimal peak force are very low in the region between 30 and 80 mm of deformation,
before starting to increase again. The cause of this effect can be seen in the deformation pattern
in Figure 12, where it is clear that a global buckling mode is activated. This causes the crashbox
to "fold” and lose its structural integrity. The force is only going up after 140 mm of deformation
because the collapsed structure is still between the two rigid planes and is starting to get further
compressed. Hence, it is argued that from this level of uncertainty realisations are possible where
the performance of the component is no longer guaranteed, as the global buckling mode prevents
the dissipation of the kinetic energy.

—h— Fpeak - Fpeak — Flican — Frhean
270 Fixed boundary conditions
250 - o260 optimisation min Fpeqr
L os0 optimisation max Fieqk
optimisation min F,can
200 F 240 optimisation max Fi,can
= 150 A
=
8
S
L o 1, h
100 +—{-Fin
i /(:;}’"
50 1 = -
0 -

0 20 40 60 80 100 120 140 160
Deformation (mm)

Figure 11: Force-deformation curves for the case with four control points at the corners obtained through opti-
misation; with the minimal and maximal peak- and mean force indicated by arrows and solid lines, in blue and
red
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Figure 11 also shows that the optimisation procedure yielded a mean force which is higher than
the mean force that was obtained in the benchmark case. This is illustrated in green colour. The
reason for a higher mean force is found in Figure 12. Based on this figure, the higher mean force
is attributed to a more dense folding pattern. Because of this denser folding pattern, the total
deformation of the crashbox is also shorter than for the benchmark case, which can also be seen
in Figure 11. This indicates that, for an equal kinetic energy, interactions between the component
and the adjacent structure can result in mean forces both higher and lower than these identified

with the benchmark case.
Ve

Uq
—
= |
|

(a) time = 2.5 ms (b) time = 5 ms (c) time = 18 ms

Deformation resulting in the maximal mean force

Vq
—
|
|

(d) time = 2.5 ms (e) time = 5 ms (f) time = 18 ms

Deformation resulting in the minimal mean force

Figure 12: Deformation of the case with four control points at the corners at identical time steps, with the fixed
plane in red, and the impacting plane in white

To gain a better understanding of these interactions, it is also useful to look at the realisations
of the interval field. These realisations are illustrated in Figure 13 with the left hand realisation
corresponding to the maximum peak force and the right hand configuration to the minimum mean
force. The control points of the interval field are indicated by a black circle in this figure and
the normalised stiffness of the elements is indicated by the relative length of the black dashed
lines. It is clear from this figure that the global buckling mode is obtained by a realisation that
resembles a plane which is placed at an angle, while the maximum mean force is obtained by
making differences between opposite corners. These realisations are not only interesting from
the point of uncertainty quantification as they can also assist in the way these components are
manufactured and joined together, which initiates relative changes of stiffness.

3.8.3. Interval valued spatial uncertain stiffness controlled between the corner nodes

For this case, the locations of the control points are changed, which directly influences the
possible realisations of the interval field. A summary of the results obtained through optimisation
using a differential evolution algorithm is given in Table 3. In a comparison with the previous
case it is noticed that there is a change in the upper limit of the peak force and the mean force,
which indicates that this configuration allows for a different interaction with the elements.
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Figure 13: Realisations of the interval field with four control points, resulting in the minimal and maximum mean
force; control points are indicated by a black circle and the length of the dashed line indicates the normalised
stiffness value

results of DE using control points between the corner nodes
value | pop | rec | mut nfal | nit o o5 o5 o Optimisation
22431 20 [0.3][0.91.7] | 1140 | 55 | 0.0391 | 0.2447 | 0.8808 | 0.3498 min Feax
264.0 | 20 [ 0.3 |[0.91.7]| 320 | 14 | 0.5126 | 0.7282 | 0.3702 | 0.6913 | max Fpeax
419 | 20 | 0.3 |[0.9 1.7] | 5125 | 250 | 0.3034 | 0.9278 | 0.9953 | 0.1621 | min Fiyean
62.8 | 20 | 0.3 |[0.91.7] | 975 | 44 | 0.5595 | 0.5065 | 0.9198 | 0.2090 | max Fiean

Table 3: results of the case with control points between the corner nodes, including the DE parameters: population
size(pop), recombination constant (rec), mutation constant (mut), with the number of evaluations (nfal) and
iterations (nit) needed to identify the optimal interval scalar parameter o* for the different optimisation runs

Figure 14 shows the deformation pattern that yielded the minimal and maximal mean force at
different time steps. Compared to the previous case, these deformation patterns look quite different
at a first glance, nevertheless when a closer look is taken it seems that these are more familiar to
the previous cases, seen from a different viewpoint. This could be the case as the configuration
of the interval field is not unique, which causes the component to buckle in a different direction
when the control points are rotated. This is not true in general as in this case the box is a simple
symmetric geometry, which is not true in the presence of holes and fold initiators.

In addition, the realisations of the interval field are provided in Figure 15 where the different
location of the control points are indicated by the black circle. The non-uniqueness in this case
can be seen as rotating the interval realisation by 90 degrees, which yields the same results. It
is also visible in this figure that the minimal mean force is obtained by a similar realisation as
seen in the previous case. For the maximal mean force a different realisation is responsible for the
observed differences.
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Figure 14: Deformation of the case with four control points at the corners at identical time steps, with the fixed
plane in red, and the impacting plane in white
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(a) Realisation of the interval field according to a* = maxm;(x!) (b) Realisation of the interval field according to a* = minm;(x7)

Figure 15: Realisations of the interval field with four control points, resulting in the minimal and maximum mean

force; control points are indicated by a black circle and the length of the dashed line indicates the normalised
stiffness value

3.8.4. Increased degree of freedom by placing additional control points

In this case, the degrees of freedom of the interval field are increased by placing additional
control points, which allows the realisations of the interval field to have a more complex shape.
Hence, this case represents a combination of the previous cases constructed by placing control
points at both, the corner nodes and between them. The results of this case are summarised in
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Table 4, which indicates that in general the bounds on the response have increased.

results of DE using eight control points
value | pop | nfal | nit | o] | a3 | of | of | af | af | o | ag | Optimisation
224.1 | 26 | 5652 | 350 | 0.08 | 0.05 | 0.79 | 0.55 | 0.65 | 0.68 | 0.19 | 0.02 min Feax
2634 26 | 864 | 32 | 0.25]0.85| 0.33 | 0.55 | 0.66 | 0.59 | 0.46 | 0.89 | max Feax
41.3 | 26 | 5832 | 350 | 0.95 ] 0.90 | 0.56 | 0.04 | 0.04 | 0.53 | 0.20 | 0.92 | min Flean
64.7 | 26 | 5831 | 350 | 0.53 | 0.67 | 0.05 | 0.96 | 0.46 | 0.26 | 0.98 | 0.35 | max Flean

Table 4: results of the case using eight control points, here the DE parameters: recombination constant (rec),
mutation constant (mut) are identical to the previous case, while the population size(pop), number of evaluations
(nfal) and iterations (nit) needed to identify the optimal interval scalar parameter a* for the different optimisation
runs are provided

These increasing bounds are expected as the additional control points increase the dimension
of the input space, which also results in an increased time to perform the optimisation. It is
noticed that the optimisation algorithm quickly identifies realisations that result in a high or low
mean force, and starts optimising the elements to have the lowest stiffness that still initiates the
global buckling mode. The mean reason is that after buckling of the component the moving rigid
plane starts impacting the elements, which provide a lower force if they have a lower stiffness.
This is observed by the fast increase in force in Figure 16 while the energy in the springs Figure 17
is not increasing. Hence, it can be argued that the component is not capable of dissipating all
kinetic energy under this amount of uncertainty.

— Fiean — Fean

Fixed boundary conditions
%04+ & —F— ¥ 20— T optimisation min Fpeqr
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Deformation (mm)

Figure 16: Force-deformation curves for the case with eight control points obtained through optimisation; with the
minimal and maximal peak- and mean force indicated by arrows and solid lines, in blue and red

The realisations of the interval field with eight control points are shown in Figure 18b where
the realisation yielding the maximum mean force is shown on the left and the minimal mean force
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Figure 17: Energy balance of the interval valued case whit: the total energy Ei, blue, the kinetic energy Fiyin
yellow, hourglass energy Fy, green, the energy of the adjacent structure F,q; red, and the energy of the component
Ecomp purple

on the right. As in the previous cases, the realisation that yields the minimal mean force is quite
similar and the maximum mean force is a result of a more complex interaction with the elements
at the end of the component.

3.4. Interval field with increasing uncertainty

In this case the uncertainty in the interval field model, quantified by the width of the bounds,
is varied by changing the radius of the interval Axz. This study is aimed at identifying the perfor-
mance of the component under different levels of uncertainty. In this case, the level of uncertainty
that allows to deform the component by a global buckling mode is of main concern as this pre-
vents the component from fully dissipating the kinetic energy, which is the main purpose of this
component. The corresponding level of uncertainty is identified by running a set of optimisations
using the same settings as in Section 3.3.2 while the interval radius Az is varied. The results of
all these individual optimisations are provided in Figure 19 where each of the optimisation runs
are identified by a marker for the upper and lower bound. Figure 19 shows that with an increase
of the interval radius a non-monotonic increase of the bounds on the output, indicated in red and
blue, is obtained. Especially the large step made by the lower bound of the mean force between
Az = 32.5 MPa and Az = 34.5 MPa is of interest as this indicates the transition between a folding
pattern towards the global buckling mode, which is regarded as a failure. This is also observed
in the deformation patterns, in the same figure, at a single time step of 5 ms, which illustrate
the transition in the observed deformation pattern. This information can be used in a component
optimisation where a better design is performing better under a wider range of uncertainty, which
would make it more robust. This robustness is not limited to the component alone as it translates
to the complete structure, which will meet the requirements under a wider range of circumstances.
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Figure 18: Realisations of the interval field with eight control points, resulting in the minimal and maximum mean
force; control points are indicated by a black circle and the length of the dashed line indicates the normalised
stiffness value

In addition, the markers in Figure 19 show that the DE algorithm was unable to identify the
same minimum that was obtained in another optimisation run, which yields the adjusted bounds
identified by a circle. The adjustments of the bound for each of these circles was about ten times
smaller in absolute value compared to the step that is observed at the minimum mean force bound.
Although, this step occurs at a seemingly arbitrary value of Ax = 32.5 MPa, the important lessons
are the different worst-case deformation patterns that are occurring. Moreover, this value of Ax
can be seen as a measure of the robustness of the component with respect to the uncertain input.
Hence, the robustness is interpreted as the ability of the component to perform within certain
limits for a range of uncertainty.

4. Discussion

In the previous section, a number of cases are shown starting from a benchmark case, an interval
valued case, interval field analysis and finally an interval field approach with increasing uncertainty.
These cases illustrate the use and additional value of using non-deterministic modelling strategies
in crash simulation. However, a number of important findings are further elaborated on in this
section that allow for a more general discussion about the results.

The first finding is that the elements at the back of the component are also dissipating kinetic
energy, which is a direct result of the stiffness of each spring and the reaction force of the com-
ponent. This effect is first shown in the benchmark case, Section 3.2, where at the start of the
impact energy is stored at the springs, which is released later. Nevertheless, in Section 3.3.4 it
is also shown that the optimisation algorithm converges to a configuration of the elements that
ensures failure of the component while maximising the amount of elastic energy stored within
the elements. This configuration leads to lowest mean force after the component lost structural
rigidity, which can be interpreted as failure. Therefore, energy storage at the end of the impact
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Figure 19: Bounds of the mean force identified through global optimisation for different values of interval radius
Ax, with the corresponding deformation at identical times

event stored within these elements is undesired and should be limited or accounted for within the
optimisation, as this limits the kinetic energy dissipated by the component.

The second point that stands out in this analysis is related to the optimisation algorithm
that is used to obtain the bounds on the output quantities. It is noted that the DE algorithm
experiences some difficulties to reach a converged solution for some of the optimisation runs.
Since, these simulations are quite time consuming, a limit on the maximum number of iterations
of the DE solver has to be placed for practical reasons. Specifically, this bound was set at 350
iterations, which corresponds to about 5700 deterministic crash simulations. Figure 20 shows the
convergence of the best candidate point at each iteration for the minimisation of the mean force,
for the cases in Section 3.3. For each of these optimisation runs, the best candidate point is not
improved for the last 50 iterations before reaching the maximum number of allowed iterations.
Hence, this point is accepted as the global minimum with the knowledge that with a large number
of additional iterations a better candidate point might be identified. In the authors opinion this
is not justified by the additional computational cost that would be required. Note that it is
not possible in general to prove that the global minimum is identified using global optimisation
approaches in combination with non-convex functions.
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Figure 20: Convergence of the differential evolution algorithm for the minimisation of the mean force, described in
section 4.3.2., 4.3.3., and 4.3.4.

In addition, Figure 19 shows that for the multiple independent simulation runs different global
minima were identified, which were not always lower than the minima found at a lower interval
radius. The bounds of these optimisation runs, marked by a circle, are adjusted to the previously
identified minima. One of the reasons for these difficulties is of course the heavy non-linear response
of the crash model with respect to the uncertain input parameters. To illustrate this, Figure 21a
shows the function evaluation of 5000 samples, for which X o are generated by a Latin hyper-
cube and X34 are set at zero. This figure shows that optimisation of this function is not trivial as
there are multiple local minima and maxima, which means that small perturbations of the input
parameters can easily lead to a different result. In addition, Figure 21b shows the same data as in
Figure 21a represented as a two-dimensional colour plot. The rectangles in Figure 21b represent
the input space dimensions that were used in the optimisation runs of Figure 19 with the edge of
the figure representing Az = 65 MPa. This figure shows the symmetry that exists between the
interval field and the rectangular crash box, and some of the local minima and maxima. However,
note that because of the interpolation used to create this colour plot some of these local effects are
not well-represented. With these challenges in global optimisation of this function in mind it can
be argued that the differences between the three cases in Sections 3.3.2, 3.3.3 and 3.3.4 are not that
significant. This is especially interesting towards the case with eight control points, in Section 3.3.4
where the dimension of the search space doubled resulting in a much larger computational cost.
This case demonstrates that there is a dependence between the number of control points of the
interval field and the performance of the component. Hence, it is worthwhile to investigate this
dependence as in a more complex case the presence of small triggers, e.g., holes, can lead to
bifurcations.

A final point of discussion relates to the use of the peak force and the mean force measure for
anti-optimisation of crash structures under uncertainty. Although these measures have a profound
physical background and are widely used within the crash community, it is illustrated in Section 3.4
that optimisation on these responses is very hard. In addition, in Section 3.3.4 it is shown that
over time the optimisation is more focused on storing energy within the elements than it is at
identifying bifurcation modes for the component. Therefore, further investigations should be made
to a measure that captures the performance of the overall system with an output that is less prone
to small bifurcations in optimisation.
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5. Conclusions

This paper introduces a new framework for modelling and evaluating the crashworthiness of a
single component in an early development stage under epistemic uncertainty. This is accomplished
by modelling the behaviour of the impacted adjacent structure as unknown but spatially coupled
uncertain element stiffnesses. The interval valued performance of the structure is obtained using
a global optimisation approach, which is shown to be challenging yet feasible for interval field
analysis applied to crash simulation. Based on an academic case study, the results obtained
by this innovative framework are demonstrated. The focus is on the sensitivity of the typical
main quantities of interest, i.e., mean and peak force during impact, towards the uncertainty
included in the interval field modelling strategy. In the presented case study, three dominant
deformation modes are identified for the considered range of uncertainty, one of them a global
buckling mode. The results indicate that even limited uncertainty in the adjacent structure can
affect the deformation mode significantly, resulting in fundamentally different conclusions. In
addition, by investigating the realisations of the interval field, the cause of these deformation
modes can be further analysed.

Although this work is aimed specifically at crash analysis, this technique can be applied to
impact simulations in general. Especially in cases that typically consider fixed boundary conditions
while the actual conditions are unknown, the interval field proves to be a powerful concept that
allows to tackle uncertainty efficiently. Hence, in future work the combination with the Component
Solution Spaces for early stage crash component design is further investigated, which allows for
faster design of complex structures in a large and decentralised design process while guaranteeing
overall system performance from an early design stage.
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