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ABSTRACT

M. Sc. Thesis

DESIGNING OF CRASH BOX AND BUMPER SYSTEM IN TERMS OF
STRENGTH/WEIGHT RATIO

Gokhan KAYA

Karabiik University
Institute of Graduate Programs

The Department of Mechanical Engineering

Thesis Advisors:
Assoc. Prof. Dr. Mehmet Erdi KORKMAZ
Assoc. Prof. Dr. Munish Kumar GUPTA
January 2024, 88 pages

Traffic accidents are an inevitable fact of our daily lives. Approximately 1.3 million
people lose their lives each year due to traffic accidents. Millions of people are injured
due to traffic accidents, and many of them live disabled as a result of these injuries.
Although traffic accidents are not always fatal, they also cause material damage.
Scientific studies are extremely important to reduce deaths and injuries as a result of
traffic accidents and to enable people to live their lives healthily, as well as to reduce
traffic accidents with material damage. Crash boxes and bumper systems play a vital
role in preventing deaths and injuries and reducing material damage in traffic
accidents. This master thesis named “Designing crash box and bumper system in terms
of strength/weight ratio” aims to create a lightweight and robust front crash system
(FCS) consisting of the crash box and bumpers. In this study, the front bumper and
crash boxes of the vehicle were subjected to crash tests under dynamic loads. The crash



system is made out of aluminum 6000 series. The cross-sections of the crash boxes
and certain regions of the front bumper were topologically optimized according to their
crashworthiness and energy absorption capabilities. Finally, the studies carried out are
summarized in the conclusion part. The boundary conditions of the crash tests were

taken from The European New Car Assessment Programme (Euro NCAP).

Keywords: Crash box, bumper system, crashworthiness, energy absorption,

topology optimization, crashworthiness optimization, structural optimization.

Science Code: 91406
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OZET

Yiiksek Lisans Tezi

CARPISMA KUTUSU VE TAMPONLARIN DAYANIM/AGIRLIK
ORANINA GORE TASARIMI

Gokhan KAYA

Karabiik Universitesi
Lisansiistii Egitim Enstitiisii

Makine Miihendisligi Anabilim Dah

Tez Danismanlari:
Do¢. Dr. Mehmet Erdi KORKMAZ
Do¢. Dr. Munish Kumar GUPTA
Ocak 2024, 88 sayfa

Trafik kazalar giinliik hayatimizin kaginilmaz bir gercegidir. Trafik kazalari nedeniyle
her yil yaklagik 1,3 milyon kisi hayatin1 kaybediyor. Milyonlarca insan trafik kazalari
nedeniyle yaralanmakta ve pek ¢ogu bu yaralanmalar sonucunda yasamlarin1 engelli
olarak siirdiirmektedir. Trafik kazalar1 her zaman 6liimciil olmasa da maddi hasara da
neden olmaktadir. Trafik kazalar1 sonucu 6lim ve yaralanmalarin azaltilmasi ve
insanlarin hayatlarimi saglikli bir sekilde siirdiirebilmeleri, ayrica maddi hasarl trafik
kazalarini azaltmak icin i¢in bilimsel calismalar son derece Onemlidir. Carpisma
kutusu ve tampon sistemleri trafik kazalarinda 6liim ve yaralanmalarin 6nlenmesinde
ve maddi hasarin azaltilmasinda hayati rol oynamaktadir. “Carpisma kutusu ve tampon
sisteminin mukavemet/agirlik oranina gore tasarlanmasi” baglikli bu yiiksek lisans
tezi, ¢arpisma kutusu ve tamponlardan olusan hafif ve saglam bir 6n ¢arpigma sistemi

(CS) olusturmay1 amaglamaktadir. Bu ¢alismada aracin 6n tamponu ve carpisma

vii



kutular1 dinamik yiikler altinda carpigma testlerine tabi tutulmustur. Malzeme olarak
aliminyum 6000 serisi kullanilmistir. Carpigma kutularinin kesitleri ve 6n tamponun
belirli bolgeleri, ¢arpma dayanikliligi ve enerji emme yeteneklerine gore topolojik
olarak optimize edildi. Son olarak sonu¢ kisminda yapilan ¢alismalar 6zetlenmistir.
Carpigma testlerinin sinir kosullar1 Avrupa Yeni Ara¢ Degerlendirme Programindan

(Euro NCAP) alinmugtir.
Anahtar Kelimeler: Carpisma kutusu, tampon sistemi, carpismaya dayaniklilik,
enerji emilimi, topoloji optimizasyonu, g¢arpismaya dayaniklilik optimizasyonu,

yapisal optimizasyon.

Bilim Kodu: 91406
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PART 1

INTRODUCTION

Today, transportation and mobility vehicles are increasing rapidly. This rapid increase
comes with some problems such as vehicle and passenger safety and environmental
pollution. Vehicle companies must fulfill certain regulations to protect passengers
from fatal injuries and deaths in the event of an accident. With the desire to gain the
trust of customers by producing the safest vehicle and the development of production
technology, companies increased their investments in vehicle safety and passenger
safety. The use of aluminum and its alloys, which are lighter than heavy materials such
as steel, has increased crashworthiness as well. Using these lightweight materials has
decreased the total weight of a car. With a 10% reduction in vehicle weight by using
lightweight materials, fuel consumption was reduced by 6% to 8% [1]. CO. emissions
have decreased dramatically as well. Thus, with the use of light metals, the effect on

environmental pollution has decreased.

Table 1.1. Fuel consumption and CO emission comparison [1].

All steel body All aluminum body
Total vehicle weight 2500kg 2075kg
Average fuel consumption | 11.8L/100km 9.9L/100km
Average CO, emission 220g/km 199g/km

1.1. PROBLEM STATEMENT

If the kinetic energy released during an accident is not absorbed, it causes serious
damage to the vehicle and the passenger. The FCS consisting of crash box tubes and
front bumper beams is a system that absorbs the kinetic energy generated in the event
of an accident and is of vital importance. The driver and passenger must be in a safe

environment at the time of the accident. The goal here is to improve the current FCS



system and maintain a safe environment. Another goal is to develop a lightweight,
robust and low-cost FCS from an engineering perspective.

Figure 1.1. The crash box tubes located between the chassis and the bumper beams are
shown in red.

Figure 1.2. Bumper beams are shown in red.

Some companies double the number of tubes and beams in the commercial and

hatchback vehicles they produce for safer driving.
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Figure 1.3. Crash boxes and front bumper beams are shown together on the car in red.

1.2. RESEARCH OBJECTIVES AND SIGNIFICANCE

In this master thesis, it is aimed to design the front crash system (FCS) in terms of
crashworthiness, low cost and lightweight structure. Studies were carried out
considering the objectives stated below.

e Lightweight Structure

e Design Parameters

e Improved Safety

e Reduced CO2 Emissions

1.2.1. Lightweight Structure

From the engine block to the body in white (BIW) parts of the vehicle, from the chassis
to the skeleton, steel is the most used metal in a vehicle. Features such as being easy
to form, being relatively cheaper to produce than other metals, high strength, and being
able to maintain its form for many years after shaping have made steel the most used

main material in an automobile.
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Figure 1.4. Steels used in the Volvo XC40 model [2].

The environmental damage caused by vehicles, especially global warming and carbon
emissions, has begun to push manufacturers to conduct new research. To prevent
environmental disaster, governments and the World Health Organization (WHO) have
issued new regulations to reduce carbon emissions in vehicles. Many R&D studies,
including weight reduction studies, have been initiated to reduce the CO2 emissions
released into the environment in vehicles. Weight reduction efforts in vehicles first
started with topological optimization studies. With the R&D studies, parts with the
same strength value but taking up less space in volume began to be preferred. With the
development of modern manufacturing methods such as additive manufacturing after
traditional manufacturing methods, topology optimization studies have accelerated
and diversity has increased. In particular, the development of the aviation industry and
the production of modernized fighter and passenger aircraft have become possible with
the development of lighter and stronger materials than steel. Composite materials,
magnesium and carbon reinforced aluminum alloys have gained an important place in

the automotive, aviation and defense industries.



Tablo 1.2. Percentage of materials used in a car.
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1.2.2. Design Parameters

The parameters that make up the design are the most important elements in order to
reveal the right design. The design should be made after the most optimum design
parameters are found. In general, if the design passes the testing stages after it is first
made, it is produced and added to the assembly. Necessary R&D work is carried out

on the produced part and weight reduction studies are carried out.

Topology optimization has a very important place in industries where low tolerance
and high precision parts are produced, such as the aerospace, automotive and defense
industries [3]. Using optimized parameters in the design phase eliminates problems
that may occur after production and allows the part to be used without the need for
redesign. The tolerance value in the aviation industry is 0.001, and the parts that
require the most precision among all industries are produced in the aviation industry.

Topology optimization studies have been used extensively by researchers in recent
years and the number of studies is increasing. Munk et al. developed an optimization
method to be used in the design of the hypersonic aircraft wing, thus ensuring that the
aircraft wing was designed with the most accurate parameters during the design phase
[4]. When Zhu compared the topology optimization study he carried out in the field of

stretch forming die with traditional production methods, he observed that there was a



decrease in stress and displacement values [5]. Additive manufacturing method also
offers innovative solutions in the production of automotive parts, and topological

optimization studies are also carried out in this production method [6,7].

Crash box tubes and bumper beam designs also consist of various parameters. In this
thesis, tests were carried out using finite element analysis (FEA) to find the correct
design parameters while designing tubes and beams.
Parameters that make up the crash tube and bumper beam design;

e Cross section of the tubes

e Thickness

Figure 1.5. Circular cross-sectional crash tube with groove stamp.

Figure 1.6. Rectangular cross-sectional tapered crash tube with double groove stamp.



Figure 1.7. Rectangular cross-sectional tapered crash tube

The negative and positive effects of geometries such as grooves and cutouts on the
energy absorption of the tubes will also be studied. The possible effects of such
geometries on energy absorption have been concluded by studies conducted by
researchers [8,9].

1.2.3. Improved Safety

The aim of the study is to provide a safer driving environment for the passengers in
the vehicle. Since the kinetic energy occurring in high-speed accidents is very high,

the crashworthiness of the tubes decrease considerably.

1.2.4. Reduced CO2 Emissions

Although materials such as iron and steel are used as main materials, aluminum and
its alloys, composite materials, carbon fiber materials, polymers, etc. As the use of
lightweight materials increases, vehicle weight decreases. With the use of lighter but
stronger materials than iron and steel, carbon emissions in vehicles have decreased.

Thus, the use of zero emission vehicles (ZEV) has increased [10].



1.3. RESEARCH QUESTIONS

At the end of this thesis you will find the answers to the following questions.
e What is the best polygonal cross-section in terms of energy absorption?
e Energy absorption of multi-cell front bumper beams and crash tubes compared

to traditional thin-walled single-cell structures.

1.4. LIMITATIONS

Since this project was done using numerical simulation, it is not known how it will
behave in real conditions. Since this project was done using numerical simulation, it
is not known how it will behave in real conditions. The project was created entirely

through theoretical research and verification by computer aided engineering (CAE).

1.5. RESEARCH PURPOSE

The main purpose of this study is to make the optimum design of crash box tubes and
front bumper beams in terms of strength/weight ratio. As a result of the analysis of the
designs, the design will be completed by selecting the part with the best power/weight

ratio.

1.6. TYPES OF CRASH TESTS

There are many crash test performed by Euro NCAP and the most famous ones are
[11];
e Frontal Collision
o Full width frontal collision (FWFC)
o Offset frontal collision (OFC)
e Lateral Collision (LC)
¢ Roll Over Collision (ROC)



1.6.1. Frontal Collision

Frontal crashes have the highest fatality and injury rate among the other three types of
crashes. FWC occurs when two vehicles coming from opposite directions collide head-
on. The purposes of performing such tests are to predict the forces that may occur to
the passengers in the event of a collision and to see whether the kinetic energy
generated at the moment of collision is distributed correctly to other parts of the
vehicle. FWC consists of two separate tests. Thanks to the sensors connected to
vehicles and test vehicles, various data are obtained and shared with companies.

According to the test results, companies can carry out development work.

Figure 1.8. Frontal collision test of Chevrolet Camaro.

1.6.1.1. Full Width Frontal Collision (FWFC)

The FWFC test occurs when a test vehicle traveling at 50 km/h collides head-on with
a vehicle traveling at 50 km/h. Additionally, a vehicle traveling at 50 km/h is tested by
hitting a deformable wall weighing 1400 kg. The forces that the dummies positioned
in the front and rear seats of the vehicle are exposed to at the time of the collision, the
bending positions of the mannequins, and how much the airbag and FCS absorb the

Kinetic energy generated at the time of the accident are displayed through sensors.



1.6.1.2. Offset Frontal Collision (OFC)

Collision conditions are generally the same as FWFC. The reason why it is called
offset is that the vehicle exposed to impact is hit from half of its front width, not its

entire front width. For this reason, it is called OFC.

S0km/h
(31 mph)

Figure 1.9. Full width collision of a vehicle tested by Euro NCAP with a rigid wall.

Figure 1.10. Offset frontal collision of a vehicle tested by Euro NCAP with a rigid
wall.



1.6.2. Lateral Collision (LC)

Lateral collision is the second most common type of collision in which death and
serious injuries occur. Compared to frontal collisions, there are fewer systems to
absorb the energy, resulting in serious chest and head injuries to drivers. The tests are
carried out by Euro NCAP. The static test vehicle is hit by a moving barrier at a speed
of 60 km/h.

These lateral tests are extremely important because the sides of vehicles are the most
vulnerable areas. Based on the results of these lateral tests, efforts are being made to
further develop the B-Pillar areas, to design and position the airbags in a way that is
more protective and increases energy absorption, to deploy the airbags at the right
time, and to ensure that the driver and passengers in the vehicle escape as undamaged

as possible.

Figure 1.11. Lateral collision test between test car and deformable barrier.

In another test scenario, the moving test vehicle hits a stationary pole from the side
and thus the effects of the collision on the vehicle are observed. The results are
evaluated correctly, and the protective systems of the vehicle are strengthened with the

necessary R&D studies.
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Figure 1.12. Lateral collision test between test car and rigid pole.

1.6.3. Roll Over Caollision

Negative situations and unprotected areas in vehicles that rolled over or were hit by

the roof are tested.

Figure 1.13. Roll over collision of the test car.

11



PART 2

LITERATURE REVIEW

A crash box is one of the important parts of vehicle safety. The crash box is a
mechanical part located between the vehicle body and the bumpers. It is designed to
significantly reduce the energy transmitted to other mechanical parts of the vehicle by
absorbing the energy released during impact [12]. Bumper beams are located in front
of the car and rear as well, they are also one of the most significant components of a
car that protect passengers and vehicles from severe injuries and collapse [13]. With
the development of technology, there are also developments in the automobile industry
and investments are increasing seriously. Thanks to investments and technology,

serious studies are carried out in the field of vehicle safety.

Figure 2.1. Crash box tubes and bumper beams shown in red.

Most of the theoretical and experimental optimization studies have been done in the

structural geometry and design parameters field. Cross-section, wall thickness, angle,

12



and inducing grooves are some of the most optimized design parameters. Many studies
have been carried out in this headlight until today and it continues to be done. Farkas
et al. [14] studied optimizing the front bumper system with the fuzzy finite element
method and improved the parameters & geometry.

Segade et al. [15] performed studies to design the most optimized crash boxes in
respect of buckling shape modes. Their study investigated only squared cross-sectional
tubes, and variables such as wall thickness and material stiffness were also compared
to find their effect on crash boxes. To establish a connection between previous similar
works they kept some values the same as the previous ones such as 15 km/h of velocity
and 250 kg of weight which means the plate crashes with the crash boxes with 2.17 kJ
of kinetic energy. The study observed that by reducing the wall thickness from 1.6 mm
to 1.3 mm, the lower the wall thickness, the lower the folding resistance. They used
four different materials to compare results such as Steel S355, Steel S255, Aluminium
AA6060 T4, and Aluminium AA6060 T6. It was found in their study that the most
convenient wall thickness values are 1.4 mm, 1.6 mm, 2.00 mm, and 2.6 mm
respectively. Finally, it was obvious that Aluminium AA6060 T6 absorbed more
energy than steel with 8991 KJ/kg. Eyvazian et al. [16] examined the crashworthiness
of aluminum alloy corrugated metal-composite tubes with 1.5mm of thickness and
70mm height under quasi-static axial conditions. Filament composite covering is used

for the metal-composite process.

Figure 2.2. Specimens used in the tests [16].
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S: Simple tube (left)

SWCD: Corrugated tube (middle)

CWCD: Composite covered corrugated tube (right)

Corrugated tubes showed plastic deformation under loading. It was found that adding

composite to the corrugated metal increased the energy absorption by 53%.

Tablo 2.1. Experimental results of tests [16].

S SWCD CWCD
Mean load (N) 2.08E+04 1.22E+04 3.45E+04
Absorbed Energy (J) 1.04E+03 6.10E+02 1.73E+03
Specific Absorbed Energy 1.35E+01 7.92E+00 1.21E+01
(J/9)

Wang et al. [17] created a novel negative Poisson’s ratio (NPR) beam and an NPR
absorber to explore the structure’s crashworthiness behavior. NPR structure includes
many hexagonal cellular structures inside of it. Becoming wider when pulled and
becoming thinner when compressed makes NPR structures special and unusual [18].
High energy absorption, lightweight, and resistance against impact are some of its
other important features. They changed the rigid bumper beam (Fig.15) with an NPR

bumper beam.

Crash boxes

/

o

t _x Rigid bumper beam

Y r

Figure 2.3. The traditional front bumper system of a car [17].
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Figure 2.4. Hexagonal cells and parameters of NPR structure [17].

They optimized their NPR BUMPER structure with an electronic-search algorithm
(ESA) and a non-dominated sorting genetic algorithm (NSGA-I1). (Fig.19)

A
K

Figure 2.5. The initial rigid bumper beam (left) and the NPR bumper beam are
revealed. (right) [17].

It was found that the ESA algorithm method gives better results than the NSGA-I1I
optimization method. With the ESA algorithm, the mass of the bumper system is
reduced by 0.12 kg. The impact force of the rigid wall is reduced by 10.3 kN with the
ESA as well [17].
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Figure 2.6. Deformation of NSGA-II optimized bumper (left) and ESA optimized
bumper beam. (right) [17].

Yang et al. [19] analyzed thin-walled squared cross-sectional tubes in terms of
crashworthiness under oblique impact loading. They studied to optimize the
parameters such as geometry, impact angle, and material to reach the desired final
structure. Aluminum alloy AA6063 T6 was used for the thin-walled tubes and the foam
was also made of aluminum as well. The lower cross-section width, wall thickness,
material yield strength, and foam material density reduce the peak crushing force
(PCF) for both empty and foam-filled tubes. Zahran et al. [20] made a novel tailor-
made crashworthiness optimization study by combining multiple techniques into a
single study. They analyzed squared cross-sectional tubes under axial and quasi-static

impact loading.

Energy absorption
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Figure 2.7. Energy absorption methods [20].

Their novel tube is named tailored multi-stage square tubes (MSSQ). Aluminum alloy
AA6061-O was used for all the specimens. Conventional square (CSQ) tube,
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conventional tri-tubular tube (CTSQ), and MSSQ compared each other in terms of
crashworthiness. (Fig. 14) It was found that MSSQ absorbs more energy than CSQ
and CTSQ by 56.3% and 28.7% respectively. It also increases the crushing efficiency
by 36.6% and 22.1% compared to CSQ and CTSQ respectively [20].

Figure 2.8. MSSQ (A), CSQ (B) and CSTQ (C) structures [20].

Liu et al. [21] studied the effect of the position ratio of the foam on the energy
absorption under the axial impact loading of cylindrical tubes filled with foam
material. All tubes were made of aluminum alloy AA6061T4. Single-cell and double-
cell tube structures filled with negative (NPR) and positive Poisson’s ratio (PPR) were
analyzed to observe their crashworthiness. A new structure, the sandwich double tube
filled with mixed Poisson’s ratio (MPR), was created by combining NPR and PPR.
Results show that the sandwich double tube filled with MPR foam possesses better

specific energy absorption (SEA) compared to PPR and NPR structures.
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Foam filled double tube

MPR

Figure 2.9. Representation of the MPR structure (left) and foam-filled double tube
(right) [21].

Altin et al. [22] studied to optimize the crashworthiness of foam-filled multi-tubular
thin-walled circular tubes under quasi-static impact loading. In their study, both axial

and lateral foam filling was applied to the structures and compared to each other.

Figure 2.10. Mono-tubular (left), bi-tubular (middle), and tri-tubular axial foam-filled
circular tubes with different foam heights [22].
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Figure 2.11. Deformation of lateral foam-filling circular tubes [22].

Wall thickness, draft angle, density, diameter, and height of the foam were their
parameters to be optimized. Response surface-based topology optimization was
performed for crash force efficiency (CFE) and specific energy absorption (SEA). In
conclusion, it was found that the maximum SEA with lateral foam-filled tubes was 6%
bigger than the axial one. For the lateral foam-filling tube, the optimum variables are
0.820 g/cm3 of the density of the foam for CFE and 0.628 g/cm3 for the SEA, 40.7
mm of tube diameter, 7.5° draft angle, and 1.7 mm wall thickness. For the axial foam-
filling tube, the optimum variables are 0.820 g/cm3 of the density of the foam for CFE
and 0.628 g/cm3 for the SEA, 75.5 mm of foam height, 7.5° draft angle, and 1.7 mm
wall thickness [22]. Wang et al. [23] studied the crashworthiness of Koch structures
with single-wall and double-wall. All specimens were made of aluminum alloy 6061-
0. Koch fractal (KF), circular Koch fractal (C-KF), and hybrid Koch fractal (H-KF)

structures were grouped in 1st order, 2nd order, and 3rd order and then analyzed.

Tablo 2.2. Representation of Koch structure curves with orders [23].

Fractals Order Edge Edge Perimeter
n length number length
LI’I QI’I Si’l
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KFs KF, KF: KF;

Figure 2.12. Koch fractal (KF)(green) structures illustration [23].

C-KF, C-KF, C-KF; C-KF;

Figure 2.13. Circular Koch fractal (C-KF) (blue) structures illustration [23].

H-KF, H-KF, H-KF, H-KF,

Figure 2.14. Hybrid Koch fractal (H-KF) (brown) structures illustration [23].

Results show that the 2nd order Koch fractal structure increases the energy absorption
of the tube. The 2nd order structure’s crashworthiness is better than the ones that have
the same mass multi-cell thin-walled structures. 2nd order H-KF structure with .4 mm
of wall thickness absorbed 39.12 KJ/kg energy and was chosen as the most optimal
structure [23].

LI, Zhixiang, et al. [24] worked on the crash analysis of multi-cell square corrugated
tubes made of aluminum alloy AA60610. Their study came up with a new type of
crash tube called “multi-cell circumferentially corrugated square tubes” (CCSTs). It
can be seen in figure 28 that their specimens consist of multi-corrugated geometries

and multi-cells.

20



Figure 2.15. Specimens used by LI, Zhixiang [24].

According to the results of their studies, as the number of cells increases, the mean
crashing force (MCF) increases as well. It was also found that tubes with multi-cell
had better performance than traditional ones in terms of specific energy absorption
(SEA), crushing force efficiency (CFE), and MCF.

Impact mass of 181 kg

Initial velocity of 5.75 m/s l

\

Moving plate

T Test tube

/ Fixed plate

Figure 2.16. FEA model of CCST [24].
With advances in materials science, components used in the automotive industry can

be produced with greater strength and be lightweight. Composite materials and metal
alloys such as aluminum alloy are mostly used for crash box production [8].
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Kurtulus et al. [25] studied how to convert an aluminum crash box front bumper
system that is produced in a mass production system into a magnesium alloy front
crash bumper system via the design experience method. In addition to being the
lightest metal known, they preferred magnesium of its easy machinability, better
surface finish than other metals, low cutting forces, and easy chip flow. Since the
studies using magnesium alloy in this field are very limited, the study is very
important. 4 design parameters were so important for their studies to optimize and
reach the desired data bumper beam ribs, the wall thickness of the bumper beam,
bumper beam middle width, and wall thickness of the crash box. At the end of their
study, they managed to improve the crash box performance by about 20% in terms of
energy absorption and managed to reduce the weight of the design by about 15% by
using magnesium alloy compared to aluminum alloy. This study observed that crash
boxes produced with magnesium with a circular cross-section, a material lighter than
aluminum, absorb more energy when the right parameters are used. The weight of the
system produced using magnesium alloy was 3218 grams and absorbed 10.34 kJ of
energy, while the weight of the system produced with aluminum alloy was 3741 grams
and absorbed 9.97 kJ of energy. Li et al. [26] studied lightweight crashworthiness
optimization on the crash box, front rail, and bumper. Firstly, they replaced the
materials used in the crash box, front rail, and bumper with materials TRIP800, DP800,
and aluminum alloy 6060 respectively. They filled the crash box and bumper with
aluminum foam to increase crashworthiness and energy absorption. According to the
test results, they compared the results of the assembly consisting of a crash box, front
rail, and bumper, using a single material, and using the above-mentioned materials.
The crash test was carried out with a 20 km/h impact velocity. They succeeded in
reducing the total mass by 11.1% and increasing the energy absorption by 10.1%. They
also achieved that the folding distance and peak crash force decreased by 12.6% and
11.1% respectively. The load applied to the bumper during a crash causes the bumper
to bend in the middle and creates a great disadvantage. In the multiple materials
optimization stage, it was found that the bumper filled with aluminum foam prevents
the bumper from bending in the middle and the system absorbs more energy.
Composite materials are also used in this field and various studies have been carried
out. Fuchs et al. studied composite materials to reveal composite’s economic

advantages over other metals used in the automotive industry. These materials are
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easily producible, resistant to corrosion, and lightweight materials [27]. Boria [28]
studied the design of carbon fiber-reinforced plastic (CFRP) structures for
crashworthiness applications. The material he used for his project is prepreg which is
acquired from high-strength carbon fibers. He investigated truncated conical geometry
and Formula SAE front attenuator geometry’s crashworthiness behavior under crash
conditions by applying quasi-static and dynamic tests. As a result, he found that both
crash boxes exposed axial load under quasi-static and dynamic tests showed no
difference in terms of displacement. Energy absorption of conical structure reduced

notably at the quasi-static test in comparison with the dynamic test.

Figure 2.17. Front attenuator model of Formula SAE car [9].

Rao et al. [29] analyzed the crashworthiness of bumper systems with different
materials. Aluminum alloys such as AA7003-T79, AA7003-T1, and AA6060-T1 were
used in the tests. It was found that all structures absorbed the energy transmitted to the
bumper, with alloy AA7003-T79 deformed the least. This alloy structure also showed
high stiffness compared to other alloys. Thus, they concluded that the most suitable
material is the AA7003-T79 alloy between three alloys. Reyes et al. [30] used various
polymer foam materials with different densities as core material and steel as covering
material to investigate the sandwich structure’s behavior in terms of crashworthiness
under quasi-static tests. The MCRconsists of 8mm thickness of DOCOL 600DL steel
as covering material and 50mm thickness of different polymer foam materials with
various densities as core material such as extruded polystyrene (XPS) and expanded
polypropylene (EPP) with densities between 28-45 kg/m® and 20-200 kg/m®

respectively.
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Figure 2.18. Microstructure images of XPS-400 left and EPP-5130 right [30].

They found that both foam materials showed viscoelasticity behavior and recovered
themselves when the load was removed. Among the XPS and EPP foam materials with
the same density, XPP absorbs more energy than EPP foam. Both foam materials were
considered isotropic after quasi-static tests’ results. XPS is preferable as a core
material in terms of minimum weight and energy absorption whereas EPP is preferable
if displacement and less amount of force transmitted to the bumper system are
important. Gronostajski et al. [31] compared thin-walled structures made of AZ31
magnesium alloy with the DC04 and HC380LA steel thin-walled structures. In
addition, they filled the structures with aluminum foam to increase energy absorption.
It was found that HC380 steel can be used in structures produced for energy absorption
whereas DCO04 steel is not suitable for such structures. It was also observed that
structures made of HC380 steel fold more regularly than structures produced with
DCO040 during impact. The aluminum foam-filled structure absorbed more energy than

others as expected.
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Figure 2.19. Energy/mass and displacement table of materials used in the tests [31].

Tablo 2.3. Mass comparison of the structures [31].

Material Mass (g)
Steel HC380 1.5 mm 452
Steel DC04 1.2 mm 366
AZ31 1.8 mm 125
Al. foam 102
AZ31 1.8 mm + Al. foam 227

Dirgantera et al. [32] examined square cross-sectional aluminum foam-filled tubes in
terms of crashworthiness with the strain rate of the foam. Single-walled and double-
walled square cross-sectional tubes filled with aluminum foam and effects were

observed.

side g j SW DW
side h —= ~=— side o Inner wall
side ¢ Onuter wall

Figure 2.20. Cross-sections of single/double-walled (SW/DW) tubes [32].
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SWFF

Foam core

DWFF

Figure 2.21. Single/double-walled (SWFF/DWFF) foam-filled tubes [32].

Tube walls were produced with Aluminum alloy AA6063 T1. Aluminum foam
ALPORAS was used to fill the tubes. ALPORAS is an ultra-light aluminum foam and
can absorb sound as well as energy [33].

Figure 2.22. Deformation shapes of SW [32].

Figure 2.23. Deformation shapes of DW [32].
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Figure 2.24. Deformation shapes of SWFF [32].

Figure 2.25. Deformation shapes of DWFF tubes [32].

Experimental and numerical tests found that inserting aluminum foam into tubes
increases energy absorption. It was also recommended that considering of strain rate
of foams will predict the tubes’ crashworthiness behavior better in numerical methods.
Mean crashing force with SWFF was improved compared to SW and same manner
with the double-walled ones [32].

Tanlak et al. [34] studied to optimize the crashworthiness of bumper beam structure.
In their study, the impact velocity is 64km/h and 40% offset impact conditions. They
reached the desired optimized beam structure with a hybrid model by combining
Nelder&Mead and Genetic algorithm methods. This study can be categorized under
loading conditions.
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Figure 2.26. Assembly of the front crash system with mass blocks [34].

The variables to be optimized were the variables that create the beam’s cross-section.
In conclusion, their optimized bumper beam showed great performance in comparison

with the original bumper beam cross-section in terms of energy absorption.

90 mm
1
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Figure 2.27. The variables to be optimized [34].
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OPTIMAL SHAPES
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BENCHMARKS
Rectangle
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]

Figure 2.28. Optimal bumper beam cross-sections (left) and the original ones. (right)
[34].

Tran et al. [35] studied the multi-cell crash box geometries made by aluminum alloy
under dynamic oblique impact.
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Figure 2.29. FEA model representation and multi-cell geometries’ cross-sections used
by Tran [35].

Table 6 shows the optimal results for the wall thickness, angle, SEA, and PCF for
Aluminum Alloy AA6060 T4 material tubes.
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Tablo 2.4. Optimal values for three types of crash tubes in terms of Specific Energy
Absorption (SEA) and Peak Crashing force (PCF).

Type of cross | Terms Optional SEA PCF
section design (kJ/KN) (kN)
variables
(mm)
Type | Approximate
P PP 14.378 98.253
value FE
) t=1.4, a=80 14.279 98.779
analysis value
0.693 -0.259
RE
Type Il Approximate
P PP 16.746 107.631
value FE
) t=1.43,a=80 | 16.607 107.093
analysis value
0.837 0.502
RE
Type 111 Approximate
P PP 14.095 106.681
value FE
) t=1.48,a=80 | 14.151 106.532
analysis value
-0.396 0.140

RE

There are many studies on this subject and table 2.5. shows some of the studies in
summary form. Below studies in the list are classified into four categories: cross-
sections of the tube, material used at the specimen, topic, and conclusion. While
selecting the works in this list, attention was paid to ensure that they were different

from each other and the above-mentioned studies.
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Tablo 2.5. Other studies related to this thesis subject.

Cross-Section Material | Topic Conclusion Reference
Hexagonal/multi-cell | Aluminum | Thin-walled W2W has the [36]
alloy hexagonal tubes | best
AA6061 under dynamic | performance in
crash loading terms of energy
are compared to | absorption. C2C
each other. had the worst
Connect to among all
connect (C2C) | specimens.
and web to web
(W2W) cross-
sections are
compared.
Circular/square Aluminum | Calculation of The circular [37]
alloy the effect of tubes have
AA2024- | uncertainties better
T3 during performance
progressive than square ones
collapsing of in terms of
circular and crashworthiness.
square tubes Elastic modulus
under axial is avery
loading. important
quantity.
Circular/square/ellipse | Aluminum | Multi-cell tubes | Larger diameter [38]
multi-cell alloy were evaluated | and smaller wall
6063-T5 in terms of crash | thickness values

force efficiency
(CFE) and

specific energy

are more
important for
CFE.
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absorption

(SEA).
Circular Aluminum | Dynamic and AA6061-T6 and [39]
alloy quasi-static AA6061-T4
6061- analysis of absorbed 5.96
T4/T6 circular tubes kJ and 4.39 kJ
made of energy
AAG6061-T4/T6 | respectively at
under axial quasi-static
loading. analysis.
Anti-tetrarchiral, Aluminum | Crashworthiness | As the impact [40]
Hexachiral, alloy 5A06 | of chiral speed increases
hi hical d the number of
ierarchica structures under | <1 increases
chiral different at chiral
) Structures with
scenarios.
square corners
absorb the most
energy and
showed the best
performance in
terms of energy
absorption.
Circular/square Aluminum | Deformations Hybrid multi- [41]
hybrid multi-cell alloy and crashing cell structures
behavior of with external
AAB061- hybrid circle shapes
O structures. showed better
performance
than the external
square-shaped
ones in terms of
deformation.
Square and Aluminum | The effects of Tubes with [42]
octagonal alloy lateral holes and | hexagonal
their dimensions | lateral holes
absorbed the
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AA6061- on most energy and
T4 crashworthiness. | had the best
crash results.
Square/boundary Aluminum | Crashworthiness | Compared to [43]
controlled by cosine | alloy of square traditional
profile AA6061- | corrugated tubes | square tubes,
@) that its contour | corrugated tubes
controlled by absorbed more
cosine profile. energy with the
same mass by
51.62%.
Rectangular open U DP590 Tailor-welded As a result of [44]
tube spot-welded with | 5p7g0 blanks their
plate structures’ optimization
optimization studies, they
under dynamic | succeeded in
load conditions. | increasing the
energy
absorption
ability of TBW
structures by
3.5%.
The star-shaped Aluminum | Crashworthiness | According to [45]
structure between alloy of sandwich the results, as
circular tubes named | AA6061- | structures the number of
CSC-tubes T4 consists of star- | corners in star

shaped tubes

between two

circular tubes
under axial

impact loading.

geometries
increases, the
amount of
absorbed energy
also increases.
CSC-tube

showed better
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crashworthiness
results than
individual
structures such
as two circular
tubes and star-
shaped tubes.

Circular, rectangular, | A36 Steel | Dynamic Among all [46]
square, ellipse, compression specimens, the
hexagonal, octagonal tests were hexagonal
applied to thin- | cross-sectional
walled tube performed
structures with | the best
several cross- performance in
sections under | terms of energy
axial and absorption.
oblique impact | Hexagonal
loading cross-sectional
conditions. tube with 2mm
of thickness
absorbed 26kj
energy under
15m/s impact
velocity. The
same tube with
foam-filled
absorbed 30kj
energy under
the same impact
loading.
Hexagonal Aluminum | Investigation of | It was found [47]
alloy hexagonal that second-
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AAG6061- | structures order hexagonal
@) containing structures
inside improved the
hexagonal energy
structures in absorption
terms of energy | ability of the
absorption. structure by
289%.
Circular, square, Aluminum | Crashworthiness | Results show [48]
hexagonal alloy performance of | that windowed
AAG6060- | thin-walled tubes present
T4 tubes with less peak crush
circular, square, | force than
and hexagonal traditional
lateral cuts empty tubes.
under dynamic | This result is an
axial loading. advantage for
windowed
tubes. However,
windowed tubes
are not
preferable in
terms of energy
absorption and
deformation
because they
absorbed less
energy and had
less deformation
mode than
simple tubes.
Circular/hybrid Aluminum | Investigation of | It was found [49]
alloy a thin-walled that HCT
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AA6061-
@)

circular
corrugated tube
with decreasing
number of
grooves in terms
of energy
absorption. This
type of tube was
named hybrid
corrugated tube
(HCT) and
compared the
result w,th the
ordinary
corrugated one
(OCT).

showed better
results than
OCT in terms of
energy

absorption.
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PART 3

THEORETICAL BACKGROUND

3.1. FINITE ELEMENT METHOD

3.1.1. What is finite element method?

Finite element method (FEM) is a numerical technique in which a structure subjected
to static, dynamic, thermal etc. loads is divided into small parts and each part is
subjected to numerical calculations [50-52]. The finite element method works by
dividing an object into a certain number of objects and each of these objects is called
a mesh. Each of these meshes are combined and represents the part.

With the development of computer aided design (CAD), simulations made with the
hand calculations were moved to the virtual environment and began to be used by
engineers through computers and called computer aided engineering (CAE). Thus,
stress distribution, deformation and displacement of solid mechanics under loads can
be calculated [53].

Thatcham
- = _Research
 1505ENF

Figure 3.1. FEM representation of a car tested by Euro NCAP.
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3.2.2. Governing equations of FEM’s

[K]{u} = {F} (3.1)
K= Global stiffness matrix
u= Nodal displacements

F= Nodal forces

Table 3.1. Governing equations of physical simulations [54].

Property [K] Behaviour {u} Action {F}
Elastic Stiffness Displacement Force
Thermal Conductivity Temperature Heat source
Fluid Viscosity Velocity Body force
Electrostatic Dialectri permittivity | Electric potential | charge

3.2 SIMULIA ABAQUS/CAE

Abagus (CAE) is Dassault Systemes' (DS) software that simulates physical mechanical
systems under certain boundary conditions and loads using the finite element method.
Abaqus provides high-precision simulation results for linear and nonlinear boundary
conditions [55].

3.2.1. Simulation Steps

There are three steps in a physical simulation in every simulation softwares.
e Pre-Processing

e Solver

e Post-Processing
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3.2.1.1. Pre-Processing

Pre-processing is the stage of making a mechanical part ready for simulation. After the
pre-processing phase is completed, the part moves to the simulation phase and its
behavior is monitored by exposing it to certain boundary conditions and loads using
the finite element method [56-58]. At this stage, first the areas on the part that are
difficult to mesh are made smoother and the sharp edges are rounded with as much

radius as possible. Pre-processing consists of five stages.

Geometry preparation

Mesh

Boundary condition (BC)

Load

Constraint (if the design is an assembly)

o~ w DN e

Figure 3.2. Physical appearance of the mechanical part to be simulated in the pre-
processing stage.
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Figure 3.3. FEM appearance of the mechanical part to be simulated in the pre-
processing stage.

3.2.1.2. Solver

FEM simulation of the prepared mechanical part is done at this stage.

Figure 3.4. Stress distribution of the simulated part under loading.
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3.2.1.3 Post-processing

This is the stage where the results such as stress distribution, displacement,

deformation etc. of the simulated part are evaluated.

Figure 3.5. Original image and deformed image of the simulated part in the pre-
processing stage.

3.3. ABAQUS/EXPLICIT

Abaqus/Explicit is an explicit-dynamic FEM solver of that is famous for electronic
drop tests, ballistic impacts, automotive crash tests. Crash tests are divided into three

main parts.

3.3.1. Structural Crashworthiness

It is used to find out the stress, displacement or energy absorption ability of a
mechanical part caused by a vehicle hitting another stationary or moving vehicle.
Frontal crash, rear crash, side crash, pole crash, rollover crash, etc. are some of the
applications. The mechanical component is called crashworthy if it meets the required

energy targets.
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Figure 3.6. Abaqus/Explicit crash simulation of a car.

3.3.2. Drop Test

It is used to perform the free fall test of a particular object. Mobile phone, TV, airplane
drop tests are some of its applications.

3.3.3. Passenger Safety

It simulates the impact of the accident on the driver and passengers in the vehicle.

During the simulation, virtual mannequins called dummy are used.

3.4. CRASH BOX THEORETICAL FORMULAS

There are certain formulas when calculating crash tests and calculations are made

based on these formulas [59-63]. These formulas are;

e Energy absorption (EA)

e Specific energy absorption (SEA)
e Mean crashing force (Favg)

e Crash force efficiency (CFE)

e Peak crashing force (Fmax)
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3.4.1. Energy Absorption (EA)

The absorbed energy of a mechanical part exposed to axial crushing is formulated by
integrating impact force F with respect to displacement x. Total absorbed energy is

calculated as the area under the displacement-force curve of the crushing.

d
EA(d) = f F(x)dx (3.2)

0

d: crash displacement

F: axial impact force
3.4.2. Specific Energy Absorption (SEA)

SEA can be defined as absorbed energy per unit mass of the mechanical structure. In
other words, SEA is defined as total absorbed energy divided by the mass of crash box
tube.

EA(d)

SEA(d) = mass (kg)

(3.3)

3.4.3. Mean Crashing Force (Favg)

Mean crashing force is defined as total absorbed energy (EA) divided by crashing

displacement.

EA (d) (3.4)

Favg (d) =

3.4.4. Crash force efficiency (CFE)

CFE is defined as Favg is divided by Fmax.
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crE = fave(@ (3.5)

Fmax

Fmax: Maximum impact force

3.5. UNITS

There is no unit selection in ABAQUS, values must be entered according to the units
given in the table below.

Table 3.2. Units of Abaqus software.

Quantity Sl SI (mm)
Length m mm

Force N N

Mass kg Tonne (10° kg)
Time S S

Stress Pa (N/m?) MPa (N/mm?2)
Energy J mJ

Density kg/m®) tonne/mm?3

3.6. MATERIAL

Many various materials have been used in studies for FCS [64—71]. The importance of
aluminum and its alloys has also been emphasized by research [72]. The aluminum
alloy 6000 series is used in this thesis.

3.6.1. Importance of Aluminum Alloy AA6061-T4

Aluminum and its alloys are lightweight materials [73]. This alloy has good high-
strength properties. At the same time, it has excellent corrosion resistance, weldability,
and machinability. AA6061 is the most popular aluminum extrusion.

3.6.1.1. Chemical components of aluminum alloy AA6061-T4

Stress-strain curves of AA6061-T4 studied before [74]. 95.9% of the weight of

AA6061-T4 consists of aluminum. Other components are;
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Table 3.3. Chemical components percentage in weight of AA6061-T4.

Elements % in Weight
Magnesium (Mg) 1.2

Silicon (Si) 0.8

Iron (Fe) 0.7

Copper (Cu) 0.4
Chromium (Cr) 0.35

Zinc (Zn) 0.25
Manganese (Mn) 0.15
Titanium (Ti) 0.15

Other Elements 0.1

3.6.2. Properties of AA6061-T4

To run explicit simulations using the FEM method, the physical, mechanical and
thermal properties of the AA6061-T4 material must be known. Such numerical
properties are determined by tests such as tensile/compression.

3.6.2.1. Mechanical properties of AA6061-T4

Table 3.4. Mechanical properties of AA6061-T4.

Property Value
Tensile Strength 241 MPa
Yield Strength 145 MPa
Modulus of Elasticity 68.9 GPa
Poisson’s Ratio 0.33
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3.6.2.2. Physical properties of AA6061-T4

Table 3.5. Physical properties of AA6061-T4.

Property

Value

Density

2.7 glcm® (2.7e-9 t/mm?3)

3.6.2.3. Thermal properties of AA6061-T4

Table 3.6. Thermal properties of AA6061-T4.

Property Value
Thermal Expansion (btw. 20°-10°) 24 pm/m-K
Thermal Conductivity 170 W/m-K
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PART 4
CRASH TESTS AND COMPARISON WITH FEM
THIN-WALLED CRASH TUBES

In this section, three different crash boxes with rectangular, circular and hexagonal

cross sections are analyzed.
4.1. SINGLE CELL CRASH TUBES
4.1.1. Single-cell rectangular tube (SCR)

The crash tube was designed in the CATIA software and then Dynamic/Explicit
analysis was performed using the finite element method with the ABAQUS software.

Figure 4.1. Rectangular cross-section crash box.
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4.1.1.1. Simulation conditions of SCR

In the dynamic simulation, the tube hits a 50 kg wall with a speed of 43.2 km/h. The

Kinetic energy released by the impact is intended to be absorbed by the tube.

oz

50 kg
Rigid wall

>

-

9

Figure 4.2. SCR and rigid wall representation.

Table 4.1. Simulation conditions of SCR.

Specifications of tube Value
Height (mm) 70

Width (mm) 70

Length (mm) 250
Material AAG061-T4
Wall thickness (mm) 2

Impact velocity (km/h) 43.2

Rigid wall mass (kg) 50

4.1.1.2. Dynamic simulation results of the SCR

Figure 4.3. shows how SCR subjected to an axial collision fold over time.
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Figure 4.3. Folding process of SCR.
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Figure 4.4. Absorbed energy during the crash of SCR.

Above Figure 4.4. shows that the tube absorbs the kinetic energy generated at the
moment of impact. The tube folds and absorbs the kinetic energy generated during the
crash. When the crash ends, the kinetic energy also ends, and as can be seen in the
graph, there is no increase in the absorbed kinetic energy, the graph remains constant.
The crash tubes and bumper beam are folding and absorb the kinetic energy generated
during the accident. If the tube and beam mechanisms cannot absorb kinetic energy,

the kinetic energy is transferred to the vehicle and the vehicle is damaged.
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S, Mises
SNEG, (fraction = -1.0)

(Avg: 75%) U, Magnitude
144,980
133.330 1(1)3:?22
121.680 94,713
110.029 85.242
98.379 75.770
86.729 66.299
75.078 i 56.828
63.428 | 47.357
51,778 37.885
40.127 28.414
28.477 18,943
16.827 9.471
5.177 0.000

Figure 4.5. Von misses (left) and displacement (right) of SCR.

Table 4.2. Simulation results of SCR.

Result Value
Mass (kg) 0.376
AE (J) 31125
SEA (J/kg) 8277.9
Fmax kN 38.448
Von mises (MPa) 144.980
Displacement (mm) 113.656

4.1.2. Single-cell circular tube (SCC)

The circular section tube was also tested under the same analysis conditions as the

rectangular one whose analysis results are given above.

4.1.2.1 Simulation conditions of SCC

In the dynamic simulation, the tube hits a 50 kg wall with a speed of 43.2 km/h. The

kinetic energy released by the impact is intended to be absorbed by the tube.
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Figure 4.6. Circular cross-section crash box representation.

Table 4.3. Simulation conditions of SCC.

Specifications of tube Value
Diameter (mm) 70

Length (mm) 250
Material AA6061-T4
Wall thickness (mm) 2

Impact velocity (km/h) 43.2

Rigid wall mass (kg) 50

4.1.2.2. Dynamic simulation results of the SCC

Figure 4.7. shows how SCC subjected to an axial collision fold over time.
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Figure 4.7. Folding process of SCC.
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Figure 4.8. Absorbed energy during the crash of SCC.
The same graph emerged in the circular cross-section sample as in the rectangular
cross-section sample. The total absorbed energy by SCC is 3263.7 J. Thus, it was

observed that SCC absorbed more energy than SCR under the same conditions.

Von mises stress value for SCC is 144.189 MPa which is almost the same with the
SCR. Total displacement is 98.945 that is lower than SCR.
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S, Mises U, Magnitude
SNEG, (fraction = -1.0) ggggg
(Avg: 75%) 8> 454
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132.797 65.963
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110.013 49,472
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87.229 32.982
75.837 24.736
64.444 16.491
53.052 [ 8.245
41.660 0.000
30.268
18.876
7.484

Figure 4.9. Von misses (left) and displacement (right) of SCC.

Table 4.4. Simulation results of SCC.

Result Value
Mass (kg) 0.288
AE (J) 3263.7
SEA (J/kg) 11332.3
Fmax kN 45.442
Von mises (MPa) 144.189
Displacement (mm) 98.945

4.1.3. Single-cell hexagonal tube (SCH)

In this section, the hexagonal cross section tube was simulated under the same

conditions as the studies whose results were given above.

4.1.3.1. Simulation conditions of SCH

In the dynamic simulation, the tube hits a 50 kg wall with a speed of 43.2 km/h. The
Kinetic energy released by the impact is intended to be absorbed by the tube.
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Figure 4.10. Hexagonal cross-section crash box representation.

Table 4.5. Simulation conditions of SCH.

Specifications of tube Value
Width (mm) 70

Length (mm) 250
Material AA6061-T4
Wall thickness (mm) 2

Impact velocity (km/h) 43.2

Rigid wall mass (kg) 50
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4.1.3.2. Dynamic simulation results of the SCH

Figure 4.11. Folding process of SCH.

Figure 4.11. shows how SCH subjected to an axial collision fold over time.
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Figure 4.12. Absorbed energy during the crash of SCH.

The same graph emerged in the hexagonal cross-section samples as in the rectangular
and circular cross-section sample. The total absorbed energy by SCH is 2970.2 J. Thus,
it was observed that SCH absorbed less energy than SCR & 2 under the same

conditions.

Von mises stress value for SCH is 145 MPa which is almost the same with the SCR &
2. Total displacement is 96.945 that is lower than SCR & 2.
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S, Mises
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Figure 4.13. Von misses (left) and displacement (right) of SCH.

Table 4.6. Simulation results of SCH.

Result Value
Mass (kg) 0.274
AE (J) 2970.2
SEA (J/kg) 10839.4
Fmax kN 34.449
Von mises (MPa) 145
Displacement (mm) 96.194

4.2. MULTI-CELL CRASH TUBES

4.2.1. Multi-cell rectangular tube (MCR)

In this section, unlike the first section, crash tubes consisting of multiple cell structures

were analyzed.

4.2.1.1. Simulation conditions of MCR

In the dynamic simulation, the tube hits a 50 kg wall with a speed of 43.2 km/h. The

kinetic energy released by the impact is intended to be absorbed by the tube.
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Figure 4.14. Rectangular multi-cell cross-section crash box.

Figure 4.15. Transparent and FEM representation of MCR.

Table 4.7. Simulation conditions of MCR.

Specifications of tube Value
Height (mm) 70

Width (mm) 70

Length (mm) 250
Material AA6061-T4
Wall/cell thickness (mm) 2

Impact velocity (km/h) 43.2

Rigid wall mass (kg) 50
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Figure 4.16. Folding process of MCR.

4.2.1.2. Dynamic simulation results of the MCR

Figure 4.16. shows how MCR subjected to an axial collision fold over time.

The same graph emerged in the previous samples as in the rectangular and hexagonal

cross-section sample. (Fig. 4.17.)
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Figure 4.17. Absorbed energy during the crash of MCR.

The same graph emerged in the previous samples. The total absorbed energy by MCR

Is 3366.6 J. Thus, it was observed that MCR absorbed more energy among others.
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Von mises stress value for MCR is 141.776 MPa. Total displacement is 27.409 that is

lower than other tubes.

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
141.776
130.124
118.472
106.819
95.167
83.515
71.863
60.211
48,559
36.907
25.255
13.602
1.950

U, Magnitude
27.409
25.125
22.841
20.557
18.272
15.988
13.704
11.420
9.136
6.852
4,568
2.284
0.000

Figure 4.18. Von misses (left) and displacement (right) of MCR.

Table 4.8. Simulation results of MCR.

Result Value
Mass (kg) 0.713
AE (J) 3366.6
SEA (J/kg) 4721.74
Fmax kN 34.851
Von mises (MPa) 141.776
Displacement (mm) 27.409

4.2.2. Multi-cell circular tube (MCC)

In the dynamic simulation, the multi-cell circular tube hits a 50 kg wall with a speed

of 43.2 km/h. The kinetic energy released by the impact is intended to be absorbed by

the tube.
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Figure 4.19. MCC representation

Figure 4.20. Sectioned view of MCC at time 0.

Figure 4.21. Sectioned view of MCC at first fold.
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Figure 4.23. Sectioned view of MCC at the final.

4.2.2.1. Simulation conditions of MCC

Table 4.9. Simulation conditions of MCC.

Specifications of tube Value
Diameter (mm) 70

Length (mm) 250
Material AAG061-T4
Wall thickness (mm) 2

Impact velocity (km/h) 43.2

Rigid wall mass (kg) 50

61



4.2.2.2. Dynamic simulation results of the MCC

Table 4.10. Simulation results of MCC.

Result Value
Mass (kg) 0.580
AE (J) 3070.7
SEA (J/kg) 5294.31
Fmax kN 66.264
Von mises (MPa) 143.902
Displacement (mm) 47.649

The total absorbed energy of MCC is 3070.7 J. Thus, it was observed that MCC
absorbed average energy among others.

Von mises stress value for MCC is 143.902 MPa. Total displacement is 47.649 that is

lower than other tubes.
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Figure 4.24. Absorbed energy during the crash of MCC.
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4.3.1. Multi-cell hexagonal tube (MCH)

In the dynamic simulation, the multi-cell hexagonal tube hits a 50 kg wall with a speed
of 43.2 km/h. The kinetic energy released by the impact is intended to be absorbed by
the tube.

Figure 4.25. MCH representation.

4.3.1.1. Simulation conditions of MCH

Table 4.11. Simulation conditions of MCH

Specifications of tube Value
Diameter (mm) 70

Length (mm) 250
Material AAG6061-T4
Wall thickness (mm) 2

Impact velocity (km/h) 43.2

Rigid wall mass (kg) 50
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4.3.1.2. Dynamic simulation results of the MCH

Figure 4.26. shows how MCH subjected to an axial collision fold over time.

TTT
T

Figure 4.26. Folding process of the MCH.

Figure 4.27. Axial folding process representation of the MCH.

Table 4.12. Simulation results of MCH.

Result Value
Mass (kg) 0.544
AE (J) 3052.86
SEA (J/kg) 5611.88
Fmax kN 105.574
Von mises (MPa) 143.594
Displacement (mm) 33.352
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S, Mises U, Magnitude
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(Avg: 75%) 30.573
143,594 27.794
25.014
131.839
22.235
120.084
19.456
108.328
96.573 16.676
13.897
84.818
11,117
73.063
8.338
61.307
5.559
49.552
2.779
37.797 elrs
26.042 '
14.287
2.531

Figure 4.28. Von misses (left) and displacement (right) of MCH.

BUMPER BEAM

Honeycomb sandwich structures are used to add strength to structures through
engineering studies. Honeycomb structures are also among the strongest structures in

terms of strength to weight ratio [75].

Face Plate

Honeycomb
Core

Face Plate

Figure 4.29. Sandwich composite structure [76].

Honeycomb structures are made from metallic materials as well as by 3D printing
production [77]. Various studies have been carried out in terms of energy absorption
of honeycomb structures [78,79]. Studies show that filling the bumper beam with a
honeycomb structure made of aluminum or another material foam increases the energy
absorption of the beam [80-86].
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4.3. SINGLE-CELL BUMPER BEAM (SCB)
In this section, the simulation of the single-cell bumper beam under dynamic analysis
conditions were carried out. Crash tubes were used in the beam simulation and thus it

was observed how the FCS would behave at the time of crash.

In the simulation, a 50 kg rigid wall hit the FCS at a speed of 57.6 km/h in the axial

direction, and the displacement and energy absorption of the system were calculated.

bumper beam

crash box tubes

Figure 4.30. SCB representation.

4.3.1. Simulation conditions of SCB

Table 4.13. Simulation conditions of SCB.

Specifications of beam Value
Height (mm) 70

Width (mm) 70

Material AA6061-T4
Wall thickness (mm) 2

Impact velocity (km/h) 57.6

Rigid wall mass (kg) 50
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4.3.2. Dynamic simulation results of the SCB

Table 4.14. Simulation results of SCB.

Result Value
Mass (kg) 1.902
AE (J) 4012.88
SEA (J/kg) 2109.82
Fmax kN 25.575
Von mises (MPa) 133.648
Displacement (mm) 254.725

Figure 4.31. SCB initial representation

Figure 4.32. SCB crash representation at time 0.025 ms.
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Figure 4.33. SCB crash representation at time 0.05 ms.

Figure 4.34. SCB crash box and beam representation at time 0.05 ms.
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Figure 4.35. Absorbed energy of SCB.
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4.4. MULTI-CELL BUMPER BEAM (MCB)

In this section, the simulation of the multi-cell bumper beam under dynamic analysis
conditions were carried out. Crash tubes were used in the beam simulation and thus it

was observed how the FCS would behave at the time of crash.

In the simulation, a 50 kg rigid wall hit the FCS at a speed of 57.6 km/h in the axial

direction, and the displacement and energy absorption of the system were calculated.

bumper beam

crash box tubes

multi-cell structure

Figure 4.36. MCB representation.

4.3.1. Simulation conditions of MCB

Table 4.15. Simulation conditions of MCB.

Specifications of beam Value
Height (mm) 70

Width (mm) 70

Material AAG6061-T4
Wall thickness (mm) 2

Cell thickness (mm) 2

Impact velocity (km/h) 57.6

Rigid wall mass (kg) 50
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4.3.2. Dynamic simulation results of the MCB

Table 4.16. Simulation results of MCB.

Result Value
Mass (kg) 2.820
AE (J) 5221.08
SEA (J/kg) 1851.44
Fmax kN 34.884
Von mises (MPa) 143.524
Displacement (mm) 216.931

Figure 4.37. MCB initial representation

Figure 4.38. MCB crash representation at time 0.025 ms.
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Figure 4.39. MCB crash representation at time 0.05 ms.

Figure 4.40. MCB crash box and beam representation at time 0.05 ms.
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Figure 4.41. Absorbed energy of MCB.
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S, Mises

U, Magnitude
SNEG, (fraction = -1.0)

216.931
(Avg: 75%) 198.853
1435%; 180.776
131.9
150,382 162.698
108,811 144.620
' —{ 126.543
97.239
85.668 108.465
74.097 90.388
62.526 72.310
s
27,613 1807
4.670 0.000

Figure 4.42. VVon Misses (left) and displacement (right) values of MCB.
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RESULTS AND DISCUSSION

PART 5

Table 5.1. Crash Box tubes and bumper beams representations.

Crash Box Tubes and Bumper Beams

Name Code Representation
Single-cell rectangular SCR %
Single-cell circular SCC %
Single-cell hexagonal SCH %
//\\\\“\
Multi-cell rectangular MCR e
Multi-cell circular MCC %
Multi-cell hexagonal MCH %
Single-cell bumper beam | SCB f
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Multi-cell bumper beam | MCB

\

Table 5.2. Simulation Results-I.

Crash Box Tubes and Bumper Beams

Simulation Results-I Representation
Mass (kg) 0.376
Von misses (MPa) 144.980 %
Displacement (mm) 113.656
Mass (kg) 0.288 |
\on misses (MPa) 144.189 %
Displacement (mm) 98.945
Mass (kg) 0.274
Von misses (MPa) 145 %
Displacement (mm) 96.167
Mass (kg) 0.713 -
Von misses (MPa) 141.776 .
Displacement (mm) 27.409
Mass (kg) 0.580
Von misses (MPa) 143.902 %
Displacement (mm) 47.649
Mass (kg) 0.544
Von misses (MPa) 143.594 %
Displacement (mm) 33.352
Mass (kg) 1.902
Von misses (MPa) 133.648 f
Displacement (mm) 254.725
Mass (kg) 2.820
Von misses (MPa) 143.524
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Displacement (mm) 216.931

\

Table 5.3. Simulation Results-11.

Crash Box Tubes and Bumper Beams

Simulation Results-11

Representation

Energy Absorption (J) 31125

Specific Energy
Absorption (J/kg)

8277.9

Fmax (N) 38.448

Energy Absorption (J) 3263.7

Specific Energy
Absorption (J/kg)

11332.3

Fmax (N) 45.442

Energy Absorption (J) 2970.2

Specific Energy
Absorption (J/kg)

10839.4

Fmax (N) 34.449

Energy Absorption (J) 3366.6

Specific Energy
Absorption (J/kg)

4721.7

Fmax (N) 34.851

Energy Absorption (J) 3070.7

Specific Energy
Absorption (J/kg)

5294.3

Fmax (N) 66.264

Energy Absorption (J) 3052.86

Specific Energy
Absorption (J/kg)

5611.88
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Fmax (N) 105.574
Energy Absorption (J) 4012.88

Specific Energy
Absorption (J/kg)
Fmax (N) 25.575
Energy Absorption (J) 5221.08

2109.82

\

Specific Energy
Absorption (J/kg)
Fmax (N) 34.884

1851.44

5.1. WEIGHT COMPARISON

When we compare single-cell boxes in terms of weight, the rectangular section tube is

the heaviest. Tubes with circular and hexagonal cross-sections come respectively.
When we compare multi-cell boxes in terms of weight, they are ranked from heaviest
to lightest, respectively, with rectangular cross-section, circular and hexagonal cross-

section tubes.

Table 5.4. Mass comparison of tubes.

Masses (kg)

0,288

0,274
SCH MCR MCC MCH

Crash Tubes

SCR SCC
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5.2. ENERGY ABSORPTION COMPARISON

In single-cell tubes, the circular cross-section tube has the highest energy absorption.

The circular tube is followed by rectangular and hexagonal tubes, respectively.

When we compare multi-cell boxes in terms of energy absorption, they are ranked

from rectangular cross-section, circular and hexagonal cross-section tubes.

Table 5.5. Energy absorption comparison of tubes.

3263,7
3070,7 WM 305 860
2970,2
SCR sce SCH MCR MCC MCH

Crash Tubes

Absorbed Energy (J)

5.3. MAXIMUM IMPACT FORCE
Fmax is another important criteria for the crash box tube. The lower the Fmax, the

easier it is to fold the tube. If a high force occurs, the tube cannot be folded to absorb

energy and all the energy is transferred to the vehicle.
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Table 5.6. Fmax comparison of tubes.

Fmax (N)

SCR SCC SCH MCR MCC

Crash Tubes

MCH

5.4. SPECIFIC ENERGY ABSORPTION

This parameter is found by dividing the energy absorbed by the tube by its mass. It is

used to find the energy absorbed per mass.

Table 5.7. SEA comparison of tubes.

11332,30
10839,40

Specific AEnergy Absorption (J/kg)

5611,88
4721,70
SCR SCC SCH MCR MCC MCH
Crash Tubes
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PART 6

CONCLUSION

In this study, dynamic/explicit analyses of crash box tubes and bumper beams were

performed in terms of strength/weight ratio.

When we evaluate in terms of mass, multicellular crash box tubes are naturally
heavier because they contain axial cells. In both multi-cell and single-cell

tubes, rectangular section tubes are heavier than other tubes.

When we evaluate it in terms of absorbed energy, the multi-cell rectangular
section tube absorbed the most energy. Since multi-cell circular and hexagonal
cross-section tubes folded less than rectangular cross-section tubes at the time
of collision, they could not absorb enough energy. For this reason, they are
more likely to transmit the kinetic energy generated in the event of a collision
to the vehicle.

The maximum force (Fmax) generated at the moment of first collision is one
of the most important parameters for us. In order for a tube to absorb energy in
the event of an accident, it must be folded properly. The higher the Fmax at the
time of the accident, the more difficult it is to fold the tubes. For this reason,
multi-cell rectangular section tube should be preferred due to the high absorbed

energy and low Fmax.
Under the same analysis conditions, the multi-cell bumper beam absorbed

more energy than the single-cell bumper beam. For this reason, multi-cell
buffer beam should definitely be preferred.
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