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ABSTRACT

SHAPE OPTIMIZATION OF THIN-WALLED TUBES
UNDER HIGH-VELOCITY AXIAL AND TRANSVERSE
IMPACT LOADINGS

Thin-walled tubes are one of the most commonly used parts in structural ap-
plications. More specifically, they are used as passive safety measures in vehicles like
bumper-beams and crash-boxes. They take loads either mainly in the axial direction
or transverse direction. The objective of this study is to develop a design optimization
methodology to maximize the crash-worthiness of such parts. The method is applied
to obtain optimal shape designs of a bumper-beam and a crash-box. They are modeled
under the loading conditions in standard EuroNCAP tests in which the vehicle hits a
deformable barrier with 40% offset by 64 km /h speed. The crash event is simulated us-
ing explicit finite element method. A lumped parameter model is developed to account
for the structural response of the main vehicle body by a parametric system identi-
fication method. The tubes are optimized by a hybrid search algorithm combining
genetic algorithm and Nelder&Mead simplex search. The results indicate significant

improvement in the crash-worthiness of the tubes.



OZET

EKSENEL VE YANAL CARPISMA YUKLERINE MARUZ
INCE CIDARLI YAPILARIN SEKIL ENIYILEMESI

Ince cidarli borular yapisal uygulamalarda en ¢ok kullamilan elemanlardandir.
Daha spesifik bakildiginda, tasitlarda pasif giivenlik sistemleri, 6rnegin tampon kirisi
ve tampon kirigi braketi, olarak kullanilirlar. Bu parcalar, genel bir bakig agisindan, iiz-
erlerine gelen yiikleri yanal ve eksenel yonde alirlar. Bu ¢aligmanin amaci bu pargalarin
carpigma kabiliyetlerini azami hale getirilmesi i¢in bir yontem ortaya koymaktir. Bu
method tampon kirigi ve tampon kirigi braketinin gekilsel eniyilemesi tasarim siirecine
uygulanmigtir. S6z konusu pargalar tagitin 64 km/h hizla %40 min bir bariyere garp-
tig1 durumu inceleyen EuroNCAP testi esas alinarak irdelenmigtir. Bu test Agik Sonlu
Elemanlar metodu kullanilarak simule edilmigtir. Aracin tamaminin simulasyonu yapil-
maktansa, ara¢ ana govdesi basitlestirilmig bir modele benzetilmigtir. Parcalar genetik
algoritma ve Nelder&Mead algoritmalarinin birlesiminden elde edilen melez bir al-
goritma vasitasi ile sekilleri eniyilenmistir. Eniyileme sonucunda 6nemli ilerlemenin

saglandigr gortilmiigtiir.
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1. INTRODUCTION

Thin-walled tubes are used in many structural applications to provide protection
against impact loads. In automotive industry, thin-walled tubes like bumper beams are
used as shock absorbing parts. They are attached to the front and rear ends of motor
vehicles by means of brackets, which act as crash-boxes by taking the loads mainly in
the axial direction. These parts need to be designed to minimize the damage to the
vehicle and the risk of injury to the occupants by absorbing the energy stemming from
collisions. Their effectiveness under such impact loads is called crashworthiness. Better
crash performance of the bumper-beam and the crash-boxes reduces the effect of crash
transmitted to the other components, and thereby protects them from further damage
and saves the occupants from severer injury. Existing bumper-beams and crash-boxes
are generally box-shaped for increased impact resistance. However, their cross-sectional
profile can be modified to further improve their impact performance. This requires,

first, a realistic simulation of their behavior under crash, and then design optimization.

1.1. Thin-walled Beams under Transverse Impact Loads

A number of researchers developed simulation models for bumper-beams under
impact conditions. Kokkula et al. [1] considered the anisotropy stemming from man-
ufacturing processes and the effect of strain rate in the analysis of bumper beams
subjected to transverse impact loads in order to obtain a realistic finite element model.
They also validated the numerical model by comparing the results with the experi-
mental data obtained by Kokkula et al. [2]. Liu and Day [3] modeled bumper beams
under impact loads both numerically and analytically. In their numerical study, they
neglected the frictional effects. They verified their simulation model by comparing the
results with impact test data and results of an analytical model. Marzbanrad et al. [4]
studied the effects of material, shape, thickness, and impact conditions on bumper-
beams subjected to low-velocity impact. The materials considered in their study were
aluminum, glass mat thermoplastic (GMT) and high strength sheet molding compound
(SMC).



Some other researchers, on the other hand, conducted, besides modeling, design
optimization studies to improve the performance of bumpers. Patel et al. [5] carried
out topological optimization of straight and curved bumper beams subjected to static
and dynamic loads using hybrid cellular automata (HCA). In the case of dynamic
loading, curved beams hitting a rigid wall at 5 m/s were considered. The constitutive
relation was modeled using piece-wise stress-strain curves. However, the strain rate
effect was not included in the model. Farkas et al. [6] found an optimal geometry for
dual-channel bumper beams hitting rigid barriers at 16 km /h for offset frontal impact
and at 15 km /h for pole frontal impact. Cross-sectional profile is defined using straight
lines with seven geometric parameters. They created a meta-model and carried out a
multi-objective optimization. Their objective was to minimize the weight and at the
same time achieve force uniformity. They imposed constraints on the peak force and
the largest intrusion in the bumper beam. In another study, Farkas et al. [7] consid-
ered the same problem and improved the model by including the effects of parametric
uncertainties. Duponcheele and Tilley [8] conducted a topology optimization study
using genetic algorithm to maximize the area moment of inertia of a bumper beam;
but not considered a crash event. Zhang et al. [9] used a multi-objective formulation
for optimum crash performance of rib-reinforced thin-walled hollow square beams un-
der three-point bending drop test with a speed of 36 km/h. They used the feasible
direction method as well as the ideal point method. The profile of the reinforcing rib
was defined by spline curves with three variables while the outer shape is not var-
ied. Zarei and Kroger [10] optimized the bending behavior of filled and empty hollow
beams with rectangular cross section under impact loads using wall thickness and base
dimensions as design variables; in other words, they optimized the size not the shape
of the beam. They employed response surface methodology to build a meta-model,
then, using genetic algorithm, they maximized the total energy absorption and specific
energy absorption. They also conducted three-point bending tests under impact load-
ing to compare the numerical and experimental results. Shin et al. [11] took lower-leg
form impact test and Federal Motor Vehicle Safety Standards (FMVSS) Part 581 into
consideration in the design of bumper-beam. Their model included a plate connected
to the bumper beam with three springs. They optimized the thicknesses of these parts

and the stiffnesses of the springs in order to minimize the weight while satisfying the



constraints on upper tibia acceleration of a pedestrian hit by a car and intrusion and
deflection of the bumper beam. Mullerschon et al. [12] carried out a topology optimiza-
tion of the bumper beam based on HCA under the conditions of a mass barrier hitting
the bumper beam with a velocity of 16 km/h to get uniform strain energy density, and
then the resulting design was transformed into a thin wall structure which was modeled
with shell elements. This part was considered as having four different subsections with
different thicknesses. These four thickness parameters were optimized in order to sat-
isfy the maximum force constraint. Kim et al. [13] optimized the topology of a frontal
back beam reinforcement of a bumper beam to obtain uniform strain energy density in
the bumper beam. They simulated full frontal and corner tests. Using response sur-
face methodology, they created a surrogate model. Then, without changing the overall
shape of the bumper beam, they varied the overall dimensions of the reinforcement to
minimize the repair cost of the car after collision. They also imposed constraints on

the intrusion, back beam deflection, and back beam height variation.

There are also studies [14-17| that tried to minimize the risk of injury to pedes-
trians; but this is achieved generally by optimizing low-stiffness parts in the front of
the bumper beam not the bumper beam itself, which is too rigid to have an effect in

that respect.

In some of the published studies [1-4], only crash phenomena were modeled.
The ones that included optimization of the bumper beam [5-9,11, 12| considered the
problem under low collision velocities. Only Zarei and Kroger [10] considered high
collision velocities (45 km/h) under a three-point bending drop test; but they just
conducted a size optimization study. The loading conditions of the bumper beams
considered in the previous studies were pole frontal impact [5,9,10] and central frontal
impact [11]. Moreover, the past studies mainly concentrated on size and thickness
optimization except for a few topological [5,8| and shape [6,9] optimization studies.
There is only one study [7] that modeled 40% offset impact test, but with an impact
velocity of 16 km/h.

All in all, the previous studies did not fully simulate the standard high-speed test



conditions. One may not assume that the optimum shape designs obtained for low
impact velocities are also optimum for high velocities. Although, the collision energy
is not absorbed solely by the bumper beam at high collision speeds, impact energy
absorbing capacity of the bumper beam will have an effect on the overall crashworthi-
ness of the whole vehicle. Satisfaction of the requirements on the crash performance of
the bumper for low velocity collisions is just sufficient. The effective way of optimally
designing bumper beams is to maximize their crashworthiness at high speeds, thus
providing the maximum protection for the passengers, while setting a constraint on

their low-speed crash performance.

1.2. Thin-Walled Tubes under Axial Impact Loads

As for the tubes under axial impact loading, there are a number of studies in the
literature on the optimization of tubes made of metals (usually steel and aluminum) un-
der axial impact loading. In these studies, tubes are considered either as empty [18-31]
or filled [29,32-40]. Yamazaki and Han [18] studied square and cylindrical tubes hitting
a rigid wall with a velocity of 10 m/s. They maximized the total energy absorption
while maintaining the mean crushing force at a certain limit by varying the thickness of
the tube and the section radius. Lee et al. [19] studied tubes with circular cross-section
hitting a rigid wall with a velocity of 10m/s and additional mass of 500 times the mass
of the tube. Their design parameters were wall thickness, radius, and the length of the
tube. Sheriff et al. [20] used the bottom diameter, height, and taper angle as design
variables to maximize the total energy absorbed in circular cross-section tubes. Avalle
and Chiandussi [21] optimized cylindrical tubes with tapered tip for uniform reaction
force distribution. They varied the length of the tapered tip and tip diameter. Hou et
al. [22,23] optimized square and hexagonal single-cell and multi-cell tubes using base
dimensions and thickness as design variables for minimum peak force and maximum
specific energy absorption, i.e. energy absorption per unit mass. Acar et al. [25] var-
ied taper angle and number of ribs on the surface in order to maximize the ratio of
the mean crush force to the peak force and specific energy absorption. Qi et al. [26]
analyzed single and multi-cell square tubes under oblique impact. Their objective was

to increase the specific energy absorption and minimize the peak crushing force by



changing the taper angle and wall thickness. Liu [27] optimized the wall thickness and
side length of a box-shaped column to maximize the specific energy absorption with
a constraint on the peak force. Liu [28] considered straight and curved octagonal and
hexagonal tubes and selected the side length and the wall thickness as variables. The
objective was to maximize specific energy absorption of the columns while constraining
the peak force. Yang and Qi [29] studied empty and filled tubes with a square cross-
section under axial or oblique impact. Their objective was to increase the specific
energy absorption and minimize the peak crushing force by varying the wall thick-
ness, cross-section width, material yield strength, and filler material density. Zarei and
Kroger [30] optimized empty cylindrical tubes by taking their length, diameter, and
thickness as design variables for increased total energy and specific energy absorption.
They extended that study to tubes filled with honeycomb [33] and foam [34] by consid-
ering their densities as variables. Kim and Arora [31] studied representation of tapered
tubes with uniform ones with square-sections in the force-displacement domain. With
these force representations, a model with a single degree of freedom that simplified
the analysis of the tube structure was identified. Santosa and Wierzbicki [32] studied
the axial crushing resistance of a square-box column filled with aluminum honeycomb
or foam under quasi-static loading conditions. Sun et al. [37] optimized crash-boxes
with functionally graded foams for maximum specific energy absorption and minimum
peak force. They assumed the foam material as layered and they varied the density
of these layers. Hanssen et al. [35] used formulas derived based on experimental data
relating design parameters to average force, maximum force, and stroke efficiency in
order to obtain optimum designs of columns for minimum reaction force and maximum
energy absorption. Ahmad and Thambiratnam [36] conducted a parametric study on
empty and foam-filled tubes under axial impact loads using the wall thickness, taper
angle, foam density, impact mass, and impact velocity as variables. Yin et al. [38|
studied honeycomb-filled single and bi-tubular polygonal tubes. The variables were
the wall thickness and side length. The objective was to maximize the specific energy
absorption and to minimize the peak force. Bi et al. [39] studied foam-filled single and
multi-cell hexagonal tubes, which were crushed under a rigid wall moving downward
with a velocity of 2 m/s and penetration depth of 100 mm. The variables were chosen

to be the wall thickness and the side length of the section, and the foam density. The



objective was to increase the specific energy absorption while keeping the mean crush-
ing force larger than a certain limit to ensure a certain structural rigidity. Tarlochan
et al. [40] conducted a parametric study on foam filled tubes under axial and oblique
impact loading. They compared tubes having circular, square, hexagonal, octagonal,
ellipsoidal cross-sections with the same circumference in terms of energy absorption

and crush force efficiency.

The previous researchers generally developed approximate expressions for the
objective functions using response surface methodology [18-23,25-28,30,33,34,37-39)|,
Kriging [29], moving least-squares approximation [31], and artificial neural network [24].
After obtaining the surrogate models, they used genetic algorithms [20,33,34], leap-
frog [24], particle swarm optimization [26,29,37,38|, non-linear programming [22,23,25|,

or multi-first order method [21] as search algorithms.

The cross-sectional shapes of the tubes considered by the researchers were circular
[18-21,25,30], square [18,22,24,26,27,29,33-37|, hexagonal [23,28,38-40], or octagonal
[28,38]. Some of the previous studies focused on straight columns with uniform cross-
section along the length [18,19,22-24,26-30, 33-35, 37-39]; some of them introduced
taper angles |20, 21, 25, 36|, and some |24, 25,33, 34| introduced ribs with predefined

shapes.

In the present study, a larger number of geometric parameters are used as opti-
mization variables in comparison to the previous studies. The parameters defining the
shape of the cross-sectional profile (the coordinates of key points defining the spline
curves) and the longitudinal profile (depths and widths of the circumferential ribs,
and the taper angle), and the wall thickness are varied. To the authors’ knowledge,
the shapes of the ribs are optimized for the first time in this study; in the previous
studies, on the other hand, they were taken as constant. The ribs can be inward or
outward. The taper angle can be positive or negative. Besides, the loading conditions
considered in almost all the previous studies were either drop tests i.e. an object being
dropped on a column, or a column with a mass at the rear hitting a rigid wall. In this

study, the methodology developed for the optimum shape design of tubular structures



is applied to the crash-boxes (or brackets) holding the bumper beam of a vehicle. The
behavior of the crash-box is simulated for the loading conditions in a standard high-
speed crash test, European New Car Assessment Program, (EuroNCAP). Because of
the difficulty in modeling the whole car and the resulting long computational times, a
lumped-parameter car model is developed that accounts for the structural behavior of
the main body of the vehicle as well as the parts in front of the crash-box. Moreover, in
this study, a hybrid of genetic algorithm (GA) and Nelder-Mead algorithm is developed
to find the globally optimal design or a near global optimal design.

The goal of global design optimization is to find the design with the best possible
performance. This requires a definition of the geometric design that allows significant
changes in shape, i.e. the solution domain should be large so that it includes the de-
signs leading to the highest possible levels of performance. This means the number of
geometric parameters and the range of values that can be assigned to these parame-
ters by the search algorithm should be large. Global shape optimization of a vehicle
for maximum crashworthiness is infeasible considering the high number of interacting
parts, the high number of parameters used to define their geometries, and complex
interactions among them during crash. This is beyond the capabilities of the current
state-of the-art computers and search algorithms. Considering the computational ef-
fort to simulate crushing of the whole vehicle, it is not possible to find the globally
optimum design within such a large solution domain and with such a large number of
design variables even if a powerful global search algorithm is used. If large changes are
allowed in the values of the optimization variables during optimization, the accuracy
of surrogate models will also be questionable even for a single part let alone the whole
vehicle. Besides, if the individual parts are separately optimized, loading conditions
on them will be different from that of a drop test. That means the shape of a part
optimized for the loading conditions in a drop test will not be optimum for the loading

conditions in a real crash test.

The procedure suggested in this study to surmount these problems is as follows:
Individual parts of the vehicle are optimized via a reliable global search algorithm

by using a high number of design variables and allowing large changes in the values



of these variables. The remaining parts of the vehicle are modeled with a system of
lumped masses, springs, and dampers using parametric system identification; therefore
computational times will not be prohibitively long. At the last stage, the whole vehicle
is optimized starting from the optimized shapes of the individual parts; but this time,
the ranges of values that can be assigned to the variables will be small; some of the
parameters may be taken as constant. Then, it becomes feasible to develop a reliable
surrogate model for the vehicle and perform optimization. In this study, modeling and

design optimization of two parts, crash-box and bumper-beam, are considered.



2. PROBLEM STATEMENTS

Bumper-beams and crash-boxes are designed to perform under collision. Natu-
rally, the number of different obstacle types the tubes suffer during frontal impact is

endless. However they can be classified as

e Full frontal collision
o Offset frontal collision

e Pole frontal collision

For the bumper-beam, the harshest one among the three scenarios is the pole, however
it is also the rarest among them. The second harshest one is offset impact. And the
majority of the frontal collisions happen with an offset with varying percentages [41].
Considering the severity and frequency of the three major frontal crash scenarios,
bumper-beam is optimized for an offset frontal collision in accordance with EuroNCAP,

ITHS, ANCAP standard tests (See Figure 2.1).

The bumper-beam is supported by two crash-boxes at two sides; they are in turn
fixed to the main frame of the car. The harshest collision a bracket endures is the offset
frontal impact, where one of the brackets takes the impact energy. Accordingly, the
crash-box is optimized for offset collision conditions in accordance with EuroNCAP,
ITHS, ANCAP standard tests, where the vehicle hits a wall with 40% offset and 64
km/h speed (See Figure 2.1).

Barrier

Figure 2.1. A scheme for EuroNCAP Frontal offset crash tests [42].

The objective of this study is to develop a methodology to find the globally

optimum shape or near globally optimum shapes for the cross-sectional profile of the
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bumper-beam and the cross-sectional and the longitudinal profiles of the crash-box to

maximize their crash performance under the loading conditions in EuroNCAP tests.
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3. APPROACH

The effectiveness of design optimization depends on the proper choice of the
objective function. Improving its value should enhance the structural performance of

the part in the most effective way:.
3.1. Objective Functions
3.1.1. Objective Function for the Bumper-Beam Optimization
A metric is defined that is a measure of the crashworthiness of the bumper beam.
Depending on the choice of the metric, different outcomes are obtained for the optimum

part design. As a measure of crash performance, the objective function to be increased

is defined in this study as

ty
W w2 1 —a2dV —
fob]—nl////amemd‘/dt " V///(e €)2dV — P (3.1)
0 Vv 1%

where V' is the volume of the bumper beam, o;; is the stress tensor, ¢;; is the strain

rate tensor, € is the equivalent strain field, € is €’s mean value, t; is the duration for
which the simulation is conducted starting from initial contact with the barrier, w; are
the weighting constants. The values of w; are chosen in accordance with the relative
importance that the designer gives to the individual terms; n; are the normalization
constants having values 3215 J and 600, respectively, which are the strain energy
absorbed by the bumper beam currently in use and the variation in equivalent strain.
The first term is the total internal energy of deformation in the bumper beam during
crash. The larger the first term, the larger is the portion of the collision energy taken
by the bumper. The second term is a measure of uniformity in the deformation. This
term is introduced to bias the configurations in which deformation is more uniform.
The smaller is this term, the more uniform is the deformation; accordingly, the integrity

of the bumper - bracket system is expected to be better maintained. P is the penalty
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function, which includes the following terms

P:Pan+Pg+Pmanuf+Pmass (32)

P,, is the analysis constraint, which is activated when finite element analysis fails
due to sharp corners or some other reason. P, is the geometric constraint, which is
activated when a cross-sectional profile selected by the search algorithm does not fit
the allowable spacing. FP,un.f is the manufacturing constraint. If the profile of the
cross-section contains sharp curvatures that pose difficulties in manufacturing, Panuf
becomes active. If P, and P40, become active, a large value is added to the objective

function without calculating the other terms. P,,,,s is the mass constraint such that

0 if m S Mpen
Pmass -

1000( 2w )2 4 100(Z0e ) if 1 > e

Mpen

m is the mass of the bumper, my,, is the mass of the bumper beam in current use,
which is taken as a benchmark value. The constants are chosen such that the term gives
small penalty values for small violations but the penalty value increases quadratically
for large violations. Mass constraint is introduced in order to avoid optimal designs
that show increased crashworthiness over the beam currently in use at the expense
of increased weight. By adding the penalty terms into the objective function, the

constrained problem is transformed into an unconstrained one.

The objective of the metric above is to find the best shape of the cross-sectional
profile which allows the bumper to absorb significant impact energy and also avoids
development of extreme plastic strains leading to rupture in the bumper while ensuring

that this is achieved without increasing the mass of the bumper beam.



13

3.1.2. The Objective Function for the Crash-Box Optimization

The following objective function is chosen in the crash-box optimization:

o= 220 | [ o2 [ [~

1 1 AF,
N L Fma:c L maxr \ P
s <2TL31 * 27132 At )

where V' is the volume of the crash-box, o0;; is the stress tensor, ¢;; is the strain rate
tensor, t; is the duration for which the simulation is conducted starting from the
initial contact with the barrier, € is the equivalent strain, € is its mean value, Fj,q, is
the maximum force at the rear of the crash-box that occurs in the first 0.5 ms of the
collision, At is the time that passes until the maximum force occurs. The first term
is the specific internal energy, or the energy absorbed per unit mass of the crash-box
during crash. It is a measure of how effectively it takes the collision energy. The second
term is a measure of uniformity in the deformation. This term is introduced to avoid
shapes that result in highly localized deformation. The smaller is this term, the more
uniform is the deformation; accordingly, the integrity of the tube is expected to be
better maintained. The third term includes the magnitude of the peak force during
the first 0.5 ms, F,.., as well as the average rate of increase in force, AF),,./At.
During collisions, generally the force transmitted reaches a peak value at the initial
stages of the impact. It is essential to reduce the magnitude of the peak force as well
as the rate of increase in force during the initial phases of the collision to reduce the
jerking effect felt by the occupants during impact. w; are the weighting constants;
their values are chosen according to the relative importance that the designer gives
to the individual terms; n; are the normalization constants, which are n; = 38.1 J/g
, ng = 1195, ng; = 156.7 kN, and nzgy = 991.8 MN/s. These values are obtained
from the simulations conducted for a 70 mm-diameter circular tube, which is taken as

benchmark. P is the penalty function, which includes the following terms:

P =P, + Pyuss + Pen, + Pap (3.4)
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P, is the geometric constraint, which is activated when a cross-sectional profile gener-
ated by the search algorithm does not fit the allowable spacing. If P, becomes active,
a large value is added to the objective function without calculating the other terms.

P,..ss 18 the mass constraint such that

0 if m < mpen
Pmass =

1000(™mber )2 4 100("0e ) if 170 > 114

m is the mass of the crash-box, my,., is the mass of the benchmark structure. The
mass constraint is introduced in order to avoid optimal designs that show increased
crashworthiness over the benchmark design at the expense of increased weight. P.,
is the penalty introduced to eliminate the designs taking a lower impact energy in

comparison to the benchmark case. Its value is calculated as

0 lf Eacc Z Eben
Pen =

3600( Luep=Lace)2 4 450( Lreg=Lace) if Fpp < Fpen

Faee is the total accumulated energy in the crash-box, Fj., is the benchmark value for
energy. P.ss and P,, are formulated such 