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ABSTRACT

The automotive industry has implored the use of thin walled structure known as the crash box to
increase the level of safety of passenger vehicles in the event of frontal collision. The crash box is
characterized by its progressive folding which absorbs the energy of the collision through its
plastic deformation by converting the kinetic energy to plastic strain energy. In this study, the
effect of impact velocity on the energy absorption characteristic of four thin-walled square frusta
steel specimen used as energy absorbing elements will be numerically analyzed. For each
specimen, four runs were made with four different velocity characterizing from low velocity to
high velocity. The specimens are impacted axially with a striking mass moving only in the axially
direction of the specimens. Assessment of the performance of these specimens are done using five
metrics: Energy Absorbed (EA), Specific Energy Absorbed (SEA), Initial Peak Force (IPF), Mean
Load (Pmean), and Crush Force Efficiency (CFE). The results shows that as the velocity increases
the initial peak force increases and the energy absorption increases alongside while crush force

efficiency decreases at high impact velocity. The quasi-static analysis is done using LS-Dyna.

Keywords: Automotive; crash box; crashworthiness; energy; LS-Dyna; safety; thin-walled

structure.



OZET

Otomotiv endiistrisinde yolcu glivenligini artirmak amaci ile araglarin 6n kisimlarinda darbe
emiciler kullanilmakta ve gelistirilmektedir. Darbe emiciler ince cidarli yapilar olup ¢arpigmadan
kaynaklanan enerji transferini kademeli olarak plastik deformasyona ugrayarak emme prensibi
ile ¢aligirlar. Bu ¢alismada ¢arpma hizinin enerji emis karakterine olan etkisi dort farkli konik
celik model kullanilarak sayisal olarak incelenmistir. Her model dort farkli ¢arpma hizi
kullanilarak analiz edilmistir. Carpma modeli eksenel olarak hareket eden bir kiitlenin numune
ile temas1 sonras1 numuneye yapisarak hareket etmesi seklinde olusturulmustur. Numune
performanslar1 bes farkli deger ile degerlendirilmisir. Bunlar enerji emilmesi, spesifik enerji
emilmesi, en yliksel baslangi¢ kuvveti, ortalama kuvvet ve ezme kuvveti verilmliligi olarak
siralanabilir.Sonuglar ¢arpma hizinin artmast ile en yiiksek baglangi¢ kuvvetinin ve enerji
emilisinin arttigini1 ancak ezme kuvveti verimliliginin azaldigini gostermektedir. Analizler LS-

Dyna yazilimi ile gerceklestirilmistir.

Anahtar Kelimeler: Carpisma dayanikliligi; darbe emici; enerji; giivenlik; ince cidarli yapi; LS-

Dyna; otomotiv.
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CHAPTER 1
INTRODUCTION

1.1.General Information

According to the 2018 edition of global status report on road safety launched by the World
Health Organization, statistical report shows that about 1.35 million deaths were recorded
annually as a result of road traffic accident (world health organization , 2019).

The automotive industry which is one of the largest and fastest growing industries in the
world today is constantly reaching out to increasing the level of safety of each vehicle
produced. Manufacturers and passengers are having increasing concerns about the safety of
automobiles. In order to assess the safety of vehicles often times the Insurance Institute for
Highway Safety (IIHS) and National Highway Traffic Safety Administration (Euro-NCAP)
carry out regulations for safety and one of these regulations require that the vehicle undergo
a crash test, and it involves both low and high velocity tests.

The low velocity test is conducted to examine damages done to the car while the high
velocity test is useful in assessing the effect of crash on humans. Crash tests are usually
conducted to assess the deformation of the chassis of a vehicle as well as the energy

absorbing elements such as the crash box.

The crash box absorbs crash energy by undergoing plastic deformation axially in the case of
frontal collision. Plastic deformation is benefiting for the purpose of reducing the force
transmitted to the passenger compartment of the vehicles thereby improving the safety of the
vehicle (Y Nakazawa, 2005).

The scope of this project is to observe and analyze how crash boxes perform under low speed
and high speed crushing. The parameters used to characterize the performance are the
specific absorbed energy, the impulse on the crash box, initial peak force, crush force

efficiency. This analysis is done by fixing one end of the crash box and allowing a striker



mass limited to translational motion in the axial direction of the crash box to simulate a

frontal collision of the crash box.

The crash box is usually positioned at the front of the chassis of the vehicle as shown in

Figure 1.1 below.

automobile structure train structure

(Audi A8) \
A mnlumln |—| (D
K

metalic cylindrical shells
as energy absorbers

Figure 1. 1: Position of energy absorbing element in a vehicle

1.2. Brief History of the Developments in Automotive Safety

The first recorded fatal car crash dates back to the 18™ century in Ireland, they’ve been
other claims of earlier dates of crashes but they were disputed therefore are not
officially accepted as the first recorded fatal car crash. The accident in Ireland was
recorded as the first because of the fact that safety development was introduced after

the crash.

In the year 1922, vehicles were then being fitted with braking systems. Seat belts was
introduced in vehicles in the year 1930 by physicians and surgeons. In the year 1959,
seat belts were standardized in Volvo (Crash Test: Vehicle Safety and Accident

Prevention, 2019).



1.3.Types of Collision Test

There are basically three (3) major types of collision tests done by vehicle safety assessment

programs and these tests are as follows (A.l. RADU, 2015)

1. Axial (Front or Rear) collision test
2. Side collision test

3. Roll over crash test

Frontal Collision test is a vital aspect of the test procedures because according to the ANCAP
reports, over 60% of serious crashes are frontal (offset and full width) (ANCAP, 2018). This
test is done to simulate head on collision of cars travelling at about 50km/h, (64km/h for
offset collision) (ANCAP, 2018) and the effect of this collision on human being is analyzed
with the use of dummies placed inside the vehicle and the effect on the car is analyzed
visually and also using readings obtained from the sensors placed inside and around the
vehicles. Figure 1.2 shown below is an image of a BMW SUV undergoing an full width

frontal collision test.

Figure 1. 2: Frontal full width collision test

In Figure 1.3, an offset collision test at the moment of obstacle and car contact is shown from
a plan view. This photo is intended to graphically display the setup of a frontal offset

collision test.



Figure 1. 3: Frontal Offset collision test

The Side impact test is necessary as statistics shows that about 30% of serious crashes are
side impacts (ANCAP, 2018). Therefore, the side impact test is done to simulate a collision

of two cars perpendicular to each other with one impacted at the side.

Figure 1. 4: Side Collision Test
4



Atthe NCAP test center, a trolley of 1300kg moving at the speed of 50km/h is used to impact
the side of the vehicle undergoing the test. The New Car Assessment Program (NCAP) has

a standard side impact setup shown in Figure 1.4.

The Rollover crash test is needful in the event of a car tip over, this crash test is done to test
the structural integrity of the roof of the car in order to determine the level of safety a vehicle
occupant can get in the event of a car tipping over so as to minimize compression of the roof

on the vehicle occupant. Figure 1.5 illustrates a rollover crash test setup.

INSURANCE INSTTTUTT: &
FOR HIGHWAY SAILTS

VEHICLE RESEARCH CENTER

Figure 1. 5: Rollover Crash Test

1.4. Literature Review

Literature has shown that several studies has been done by researchers over the years to
improve on the designs and manufacturing methodology of crash boxes, and these researches

are geared towards obtaining better, lighter and cost effective designs of crash boxes with

5



different geometrical characteristics to better enhance the energy absorption capacity of

these energy dissipating elements known as crash boxes.

There are experimental and numerical studies which include dynamic or quasi-static
simulations in literatures. However, in studies given in literature, it is observed that the
energy absorption characteristics of thin walled structures have a direct link to their cross-

sectional area, material property, wall thickness, and corrugations if any.

It is conventional to use thin walled structures for the purpose of crash energy dissipation in
automobiles, this thin walled structures are commonly having circular or square cross
sections, and they may be either straight or tapered depending on the aim of the researcher.
Literature has shown that the focus has recently shifted towards tapered tubes as they appear
to serve better in dissipating crash energy as compared to the same tube when not tapered.
Tapered tubes perform better than straight tubes both in oblique impact loading as well as
axial impact loading. In the study of Nagel and Thambiratnam (G.M Nagel, 2004). They
investigated the dynamic energy absorption response of both straight and tapered rectangular
tubes under impact loading using FE simulation and it was concluded that tapered tubes have
higher advantages in energy absorption than the straight tubes. (Guler et.al, 2010 )
investigated and compared the crush behavior of tapered and straight tubes with circular,
hexagonal and square cross sections concluded from their crush force efficiency curves that
the circular cross-sectioned absorber with 12.5 degree semi-apical angle and 2 mm wall
thickness is the most efficient absorber. Zhang et.al (Zonghua Zhang, 2011) conducted a
numerical study of the crashworthiness of kagome sandwich column under axial crushing
and the effects of geometrical parameters, wall interaction, mode of deformation and the
energy absorption characteristics were studied and a new concept of honeycomb sandwich
column was introduced in their work. Duarte et.al (Isabel Duarte, 2015) evaluated the failure
mechanisms, deformation modes and mechanical properties of in-situ foam filled tubes as
quasi-static and dynamic axial crush performance using compression tests supported by IR
thermography. Costas et.al, 2016 proposes designing crash box using Glass Fiber Reinforced
Polymer and polyurethane as a filler material in an aluminum tube and comparison was made

on the performances under axial crushing and they observed that there was about a 100%



increase in energy absorption of the PET foam and GFRP filled aluminum tube in
comparison to the empty aluminum tube. Tastan et al, 2016 used surrogate models to analyze
the energy absorption capabilities of thin walled structures and multi objective optimization
was used to determine the local and global geometrical properties of tapered tubes with
lateral cutouts for maximum crush force efficiency and specific energy absorption and to
identify the effect of having lateral cutouts on crash boxes. Zhu et.al, 2017 conducted
simulations to investigate the collapse behavior of thin walled tube filled with CFRP in two
inner reinforcements and they investigated the crashworthiness advantages of having two
inner reinforced thin walled tube. Alkhatib et.al, 2017 conducted a numerical study of the
collapse behavior and energy absorption performance of corrugated tapered tubes with
circular cross section and concluded that the main influencer of the characteristics of the
force to displacement curve was the amplitude of the corrugations which was benefitting in
decreasing the initial peak force but at the cost of reducing the specific energy absorbed.
Mahshid Mahbod, 2018 studied the effect of corrugations on composite tubes under axial
and oblique loading conditions and concluded that corrugated composite tubes possess
superior crushing characteristics when compared to cylindrical tubes and they highlighted
that the corrugation on the tubes increased the crush force efficiency significantly both in
the axial and oblique loading condition. Mamalis et.al, 2001 used finite element simulations
to compare results obtained from experimentally crushing a mild steel with 4 distinct
geometrical parameters, they observed that the finite element model was able to capture the
collapse mode and characteristics of the experimental square frusta. Altin et.al, 2017
investigated the effect of the combination of cross section, taper angle and cell structure on
the crashworthiness of multicell tubes. Literature showed that they’ve been little or no work
done related to the effect of velocity on the energy absorption performance of thin walled

tubes.

In this project, the effect of velocity on the energy absorption of 4 specimen of mild steel
having 4 different taper angle will be investigated numerically. A finite element computer
generated models with the validation study done using already existing geometrical

parameters from the work done by Mamalis et.al, 2001.



1.5. Thesis Overview

This thesis has 7 chapters; Chapter 1 deals with the introduction of the work. The
definition and aim of the thesis is outlined and a brief literature review of the work is
discussed. Chapter 2 deliberates on an overview of crash box design. Chapter 3 deals with
the modelling and the interpretation of parameters used in this study. Chapter 4 is dedicated to
the validation of crash box models. Chapter 5 gives an extensive analysis of the present study.
Chapter 6 is deals with result and discussion while Chapter 7 is dedicated to the conclusion
of this study.



CHAPTER 2
OVERVIEW OF CRASH BOX DESIGN

Crash boxes are known for their progressive deformation pattern and large energy absorption
under impact loading. This project is intended to investigate the effect of impact velocity on
the energy absorption characteristics of thin-walled conical columns used as energy
absorption elements in the automotive industry. Although there have been quite a number of
studies relating to axial crushing behavior of conical crash box for a specific desired crashing
performance but the effect of velocity on the energy absorption capacity of crash boxes were
not specifically studied. In order to investigate this behavior due to velocity, the Specific
Energy Absorption (SEA), Crush Force Efficiency (CFE) and Peak Load will be analyzed
and optimized by varying the velocity from low to high impact velocity.

The objective of this project is to investigate the performance of the thin-walled tubes used
as energy absorbing elements under different velocity conditions. The specimens are
obtained from the work of Mamalis et.al, 2001. Therefore this project gained from the work

done in the literature.

On 26 February 1980 was the first patent of the crash box published. The patent for
deformable impact absorbing device was awarded to Tomoyuki Hirano, Akira Yamanaka,
Koichi Tonai (Mitsubishi Jidosha Kogyo Kabushiki Kaisha). The patented crash box is

shown in Figure 2.1.

In the quest to produce safer cars, car manufacturers always seek out the best design
parameters for energy absorbers. This quest causes manufacturers to look out for research
materials done by diverse researchers in different aspects of the vast array of this topic. The
crash box topic has proven to be a topic of interest as there are many studies related to this
field and these studies independently covers different materials and different shapes that give

best performance in absorbing crash energy.



Figure 2. 1: Patented Crash Box (U.S.A Patent No. 4 190 276, 1980)

There are different types of energy absorber designed over the years but in the Figure 2.2
below there is a graphical representation of basic four types of energy absorbers as found in

literature.

Multicell Tube Crash Tube with Tappered Angle Straight Tube Corrugated Tube

Figure 2. 2: Basic Types of Energy Absorbers (E. Acar, 2011)

2.1 Finite Element Method

There are 3 major field in mechanics that involves calculations. Furthermore, Solid and
Structures are divided into 2. Finite Element Method is a linear static calculation. Finite

element method is used to determine the stress distribution patterns on solids.

Finite Element Method is generally governed by the equation characterized by hooks law

as shown below in Equation 2.1.
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[f] = [K}{w} (2.1)

The finite element method is often used to obtain an approximate result similar to results
obtained in experiments. The finite element method gains its name from dividing a solid
parts into finite smaller sections known as elements. It is a common knowledge and practice

that a finer mesh gives more accurate results.

Finite element method provide solutions either through implicit approach or explicit
approach. Problems involving dynamic motions are solved using the explicit approach,
examples of such problems include

1. Crash test
2. Shock
3. Explosion

While the Implicit approach is used to solve static and quasi-static problems. Just as the
names implies, static problems are problems with relatively low velocity in comparison with
dynamic problems. Therefore, the major difference between implicit and explicit approach
in solving Finite Element Method problems is the acceleration or velocity of the body in

question.

The explicit approach is characterized by Equation 2.2 below while the implicit approach is

characterized by Equation 2.3.
F(y(®) = y(t + At) (2.2)

F(y(@®,y(t+A0) =0 (2.3)

2.2 Hypermesh

As mentioned in chapter 2, Hypermesh gains its relevance in converting solid 3D models

into Finite Element Meshes by dividing the solid part into small parts. The quality of the

mesh determines the degree of accuracy of the results of finite element analysis in
11



simulations. The quality of mesh is determined by some criteria such as the aspect ratio of

the meshes, the warpage and the geometry clean up.

2.2.1 Geometry clean up

It is important to erase every form of unneeded parts and edges in a finite element model
because if the geometry is not cleaned up, it may affect the running time adversely. Figure
3.3 graphically explains areas where finer meshes are needed. Too much smaller meshes
than needed will cause an increase in the running time while a lesser amount of larger meshes
might negatively affect the accuracy of the result. Therefore, it is a matter of experience and

good knowledge to know when and where finer meshes are necessary.

Where Finer Meshes Should be Used

thtr ppite v
-
- — *—_(_t:
entrant corners
AN REEEREEEE
Cutouts racks Vicinity of concentrated (point)

loads, and sharp contact areas

wcld

Load transfer é ﬁr

(bonded joints,
welds, anchors, Abrupt thickness Material
relnfmcmg bars, etc ) changes interfaces

HHT

Figure 2. 3: Area of Application of Finer meshes (College of Engineering and Applied
Science, 2015)

2.2.2 Meshing

To get an accurate result it is compulsory that there should be a proper connection between

all joining edges if the mesh involves more than one materials. In merging sharp corners, it

12



Is important to divide the edge into smaller parts with curve for better result when processed.

An explanation of this is shown in Figure 2.4.

Elements Must Not Cross Interfaces

OK

Physical interface

Figure 2. 4: Meshing two parts

2 ELEMENTS MIN
\ BETWEEN RADI
SHARP CORNER “’-\ TANGENT LINES

q »f-‘_,\\

TANGENT
LINES

Figure 2. 5: Meshing Fillets (johan, 2000)

2.2.3 Jacobian ratio

The term Jacobian is used to measure how an element differs from an ideal formed shape
element. It is a value ranging from 0 to 1. The Jacobian ratio of 1 explains an ideal element

which might be theoretical, in reality a Jacobian is usually less than 1 but greater than 0.

The calculation for the Jacobian Ratio is done at the Gauss Point of element integration.

Jacobian determinant is calculated at each integration points.

13



The ratio of the maximum and minimum Jacobian determinant value is called the Jacobian
value. The calculation of Jacobian determinant for 2D element is different from the

procedure of calculation for 3D elements.

For 2D elements, the element must be projected onto a plane where the calculation will be

done while calculation is done directly on the 3D elements.

An incorrect result will be obtained when an element is having a negative Jacobian ratio. A

negative Jacobian ratio is obtained if the quadrilateral element is not convex.

2.2.4 Aspect ratio

This relates to the ratio of the length of the shortest edge of a shape to its longest edge. A
triangular shape has a smaller aspect ratio when compared to a square; this is illustrated in
Figure 4.6 below.

|I/II
/
/

Figure 2. 6: Aspect Ratio of Quad and Triangular element

The aspect ratio of an element is calculated using the Equation 2.4 shown below

1

312
max(T)
1

Aspect Ratiorrignguiar = (2.4)
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Aspect Ratiogygq = mini—1 (2.5)
2

Sharp edges in meshes are not desirable therefore are considered bad meshes due to their

poor aspect ratio.

2.2.5 Warpage

This measure the degree of bending on the mesh plane. This relates to situations in which
any nodes of a quadrilateral element is placed on another plane different from the originating
plane in which the other nodes are placed. Figure 2.7 below is a graphical display of a quad

element on warpage.

Quad

Figure 2. 7: Quad Element experiencing warpage

The warpage of elements can be calculated using Equation 2.6 below.

h

min(l)

Warpage =1 — (2.6)

2.3 Ls-Dyna Application

Ls-dyna as mentioned earlier is used to solve linear and non-linear finite element problems
using simulations. Both linear and non-linear equations are used repeatedly in a loop so long
the boundary conditions are satisfied. Ls-dyna uses time step when running simulations, this
Is due to the iterative pattern of operation.

15



2.3.1 Time step size

Ls-Dyna is programed to satisfy predefined boundary conditions therefore it is a necessity
for iterations until the boundary conditions specified are satisfied. The degree of precision
of results and simulation run time is greatly dependent on the Time step size specified by the
user. The time step size is directly proportional to the element size, i.e for a small element
size, the time step size will be smaller thus the degree of accuracy and precision of results
obtained from simulations will increase. But on the adverse side, the total time needed to run

the simulation will increase significantly.
Time step integration process is governed by Equation 2.7 shown below.

Atnt1= axm{At1,Ato,..., Atn} 2.7)

2.3.2 Consistency of units

Ls-dyna uses five (5) different sets of units that means when feeding in values into the
software for simulation the user must firstly ensure that the choice of unit being used is
clarified in order to get a proper result. The magnitudes of quantities are fed into the software

without the unit specified because the program uses a method called consistent unit.

Table 2. 1: Consistent Unit Set

1 2 3 4 B
Length m mm mm in mm
Time S ms S S ms
Mass kg kg ton Ib g
Force N kN N Ibf N
Stress Pa GPa MPa psi MPa
Energy KN.mm (J) KN.mm N.mm Ibf.in N.mm
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Table 2.1 shows 5 sets consistent unit sets usable in conducting LS-Dyna simulations

In this project set number 2 is used that is length is measured in millimeter (mm), time in
milliseconds (ms), mass in Kilograms (Kg), force in Kilo newton (kN), Stress in GigaPascal
(GPa) and energy in KiloNewton millimeter (kN.mm).

2.4 Crash Box Assessment Parameters

In this section, the major parameters used to judge the performance of a crash box will be
discussed briefly. These parameters include;

Energy absorbed (EA)

Specific energy absorbed (SEA)

Initial peak force (IPF)

Mean Load (Pmean)

Crush force efficiency (CFE)

Undulation of load carrying capacity (ULC).

© o k~ w e

2.4.1 Energy absorbed (EA)

This parameter is vital to judge the amount of energy absorbed by the tube. This parameter
is usually identified as the area under the Force-Displacement curve of the crushing. This
energy is the energy converted from kinetic energy to plastic strain energy due to the material
deforming beyond its elastic limit, therefore for better energy absorption the material of the
tube should be ductile.

displacement
EA = J F dx (2.8)
0

Where F is the crush force in the axial direction and dx is the crushed displacement.

17



2.4.2 Specific energy absorbed

This parameter is used to calculate the amount of energy absorbed per mass of the tube. This

is defined as the amount of energy absorbed divided by the mass of the tube in kg.

Amount of Absorbed Ener EA
SEA = f gy (E4) (2.9)
mass (kg)

2.4.3 Initial peak force (IPF)

This is another parameter used to assess the performance of crash boxes. This force is the
related to the initial peaking of the load due to the impact of the striking mass in the axial
direction. This is the force needed to cause the first folding of the material. This force needs
to be as low as possible because it determines how much force is needed to cause the crash

box to deform before transferring the effect of the force to the body of the car.

2.4.4 Mean load (Fmean)

This is the mean force defined as the ratio of total absorbed energy to the total crushing

distance. The mean load is defined by equation 2.10 below.

fdisplacement

F dx

Enean = - X (2.10)

Where F is the force, dx is the change in displacement and d is the total displacement
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2.4.5 Crush force efficiency (CFE)

This is defined as the mean force divided by the maximum peak force as shown in Equation
2.11 below;

F,
CFE = 2eon (2.11)
FMax

2.4.6 Undulation of load carrying capacity (ULC)

This is defined as the ratio energy absorption stability mathematically using Xiang et.al

2014. This is represented with the Equation shown below.

_ [ IFG) = Puldx

ULC _
Jy Flx)dx

(2.12)

The amount of absorbed energy determines the mean load used to calculate the ULC. The

smaller the value of ULC the better an energy absorber performs.
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CHAPTER 3
MODELLING AND INTERPRETATION

3.1 Analysis Tools

In this section, the program tools used in the analysis of this work will be discussed briefly.

3.1.1 Altair HyperMesh

The hypermesh program is a product of Altair Hyperworks. It is a high performance and
broad mesh generation finite element pre-processing program, it is commonly used and
compatible with commercially available CAD and CAE systems. In this project, the finite
element model of each specimen is generated using the Hypermesh program. This program
Is needful in generating a finite element model of an already existing CAD model of a
specimen needed for finite element analysis.

Hypermesh has evolved over the past 2 decades into the leading pre-processor for FEA high
fidelity modeling, and its ability to quickly generate mesh for complex geometry has made
hypermesh popular amongst FEA researchers. This program supports a broad range of CAD

and solver interfaces (Altair Hyperworks, n.d, 2019).
Hypermesh gains its relevance in the following

Automatic Shell Mesh generation
Model Morphing

Automatic Solid mesh generation
Manual mesh generation
Geometry Dimensioning

CAD Interoperability and compatibility

N o g bk~ wDd e

Batch Meshing for fast automatic high quality finite element mesh generation for
assembly

8. Vast array of CAE solvers, etc...
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Hypermesh is an advanced easy to use tool capable of editing CAE models and also capable

of generating meshes in different element sizes and geometry as shown below.

Tetra meshing
CFD meshing
High fidelity meshing

Solid map hexa meshing

o B~ w D

Surface meshing

3.1.2 Ls-Dyna

Ls-Dyna is a product of the Livermore Software Technology Corporation. It is a finite
element analysis solver program used to simulate complex real life scenario in a computer
environment. This program has its application crossing over the automobile industry,
military, bioengineering, construction industry, aerospace industry (LSTC, n.d.
http://www.lstc.com/products/Is-dyna Retrieved 26 April, 2019). This solver is capable of

solving nonlinear, transient dynamic element analysis.

The term nonlinear is used in association to the following complicated situations.

1. When the boundary conditions of a solution is changing i.e a change in contact
algorithm between parts over time
2. Situations involving materials not exhibiting an ideal elastic behavior

3. Solving complicated solutions involving large deformations.

The application of Ls-Dyna is broad and its numerous features can be used to analyze and

simulate a physical event.

In this project Ls-Dyna finds its application in running the simulation of the crushing of the
tubes. This is done using Ls-Dyna because this simulation involves large plastic deformation
within a short time frame. This type of simulation is considered a transient dynamic

simulation as the program captures enormous data of simulations done to simulate real life
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situations happening at a fast rate such as explosions, automotive crashing (this project) and

sheet metal stamping related to manufacturing.

3.1.3 Catia

CATIA is one of the tools also used in this project (Dassault Systemes, n.d.). It is one of the
World’s leading design program for products both in 2D and 3D. This program is used by
most international leading organizations in the design industry to model products that are
identical and can capture the real life characteristics of the actual product with ease. CATIA
is widely used by professionals in the automotive industry, architectural organizations, and

engineers in manufacturing.

The CAD 3D solid model of the specimens used in this project were drawn using CATIA
and then saved in an IGS format which is compatible with the hypermesh solver deck for

mesh generation.

3.1.4 GetData Graph Digitizer

Often time curves are seen in literature, and this curves might be needful in the validation
stage of the study and the authors or researchers who obtained these curves might not be
within reach to obtain the raw digital data used to define these curves therefore GetData
Graph Digitizer (GetData Graph Digitizer, n.d.) Finds its relevance in this project in
obtaining data points of graphs found in literature. Examples of such curves that this program
is needful to obtain their digital data include stress-strain curves of materials. This program

converts graphical curves to numerical values with simple steps.

The following features are found in the GetData graph digitizer.

1. Supports the following image format
a. TIFF
b. JPEG
c. BMP
d. PCX
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Easy manual digitization of graphs
Automatic Digitization in two algorithms

Easy copy of obtained data to a clipboard

o B~ D

Can export obtained data in the following format
a. TXT
b. XLS for MS excel
c. XML AND DXF for Autocad
d. EPS for PostScripts

3.2 Methodology

The energy absorption capacity of the crash boxes varies depending on the plastic
deformation. Total Energy Absorption, Specific Energy Absorption (SEA), Mean Crush
Force, Crush Force Efficiency (CFE) and Peak Crush Force are generally used to determine

the energy absorption capacity of the crash boxes.

Four (4) crash boxes will be designed with different geometric features and their energy

absorption characteristics will be analyzed under different specified impact velocity axially.

Finite element analyses of the crash boxes will be carried out using the non-linear finite
element code Ls-Dyna software. The crash box models will have one side fixed. A rigid
plate, considered as a moving wall, will be placed to the other end which will create the
deformation force. A contact algorithm will be used to simulate the contact between the rigid

plate and crash box.

The models will be generated by CAD programs such as SolidWorks or Catia, and then
imported to Hypermesh for automatic mesh generation. Simulation will be conducted using
Ls-Dyna. Finally, the post-processor Ls-PrePost will be used for result visualization and data
acquisition and also using Microsoft Excel sheet to manage and draw curves using the data

obtained from simulations.
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This project began with the study of the literatures related to this work and afterwards started

several test run with several other models and simulations for validations were done.

The material stress-strain curve was obtained from literature using the GetData graph
digitizer.

The CAD solid model of the specimen is generated using CATIA, then exported to
Hypermesh for mid plane mesh generation and then exported in the format of a keyword file
ready to be run in Ls-Dyna in which all the boundary conditions and material properties are
included before the run is made.

After the run is completed the Ls-Post processor is used to read and visualize the results.
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CHAPTER 4
VALIDATION OF CRUSH BOX MODELS

Validation study is important in order to compare results obtained in the present study with
studies from literature using same models with same material and geometrical parameters
and boundary conditions. Before the present study can be furthered it is important that a
minimal level of discrepancies or minimal level of error between the previous study and the
present study is reached. Once validation study is successful, the next phase of the study is
to use similar parameters and identical material as it applies to the present study in the design

and development phase.

The validation of this work is done in accordance to the work of Mamalis et al, 2001 in
which thin walled tapered tubes are fixed on one end and impacted axially on the other end
with a striking mass of 60kg.

4.1 CAD modelling of specimen

The 3D CAD model of the specimens are drawn using CATIA and saved as an “igs” format
which is compatible with Hypermesh for meshing. Figure 4.1 below shows a 3D CAD model

of specimen 1 displayed in CATIA work bench.
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Figure 4. 1: 3D CAD Model of specimen 1 in CATIA work space
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4.2 Finite Element Modelling

The mesh for finite element model was generated using the Hypermesh and this model is
divided into 2 physical parts which are the rigid wall (fixed end) and the thin wall tube (crash
box) while the drop mass (moving wall) is defined in the Ls-Dyna code.

The parts are meshed individually using their unique part identification number (part ID)

with the rigid wall numbered 1 and the tube numbered 2 as shown in Figure 4.2.

In Hypermesh, the midplane of the model is obtained before mesh is done in order to simplify
the process of meshing and it reduces simulation time and the number of element formed.
Using the midplane, no overwhelming negative effect of the processing of the model
especially when Ls-Dyna is used to run the simulation, this is because in Ls-Dyna you can
input the thickness of the section directly into the code without having to depend on the

design thickness parameter given in the CAD 3D model.
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Figure 4. 2: Finite Element Mesh of Specimen 1 on Hypermesh Workbench
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Once the model is finished, it is important to clean the geometry, check the element for failed
meshes then renumber the nodes and elements.

The model must be saved and exported using the Solver Deck command as

“nodes_elements.k”.

The specimens were modelled using the 4-node “shell” element enlisted in the Ls-Dyna
element library. This choice of element type is because the 4-node element gives a better
presentation of macroscopic mesh distortion.
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Figure 4. 3: Contact definition of model

The crash box is modelled as an isotropic elastic-plastic material with strain hardening.
Discretization of the material property values was done before they were inserted into Ls-
Dyna. The purpose of value discretization is because it gives a better fitting to the actual
material properties of the real material.

The fixed wall and the moving wall (dropped mass) are both modelled as “Rigid bodies”.

The dropped mass was set up to have only one degree of freedom which is in the direction
of impact.
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The contacting surfaces between the crash box and the drop mass (moving wall) is modelled

using the “automatic single surface” contact definition with details shown in Figure 4.3.

4.3 Material Property and Preparation of Material Card In Ls-Dyna

The material used to design the crash box is an annealed low carbon steel (AISI 1021). The

mechanical properties of low carbon steel are given in Table 4.1.

Table 4. 1: Mechanical properties of mild steel

Material Mild Steel (AISI 1021)
Density 7800 kg/m?®
Young’s Modulus 207 GPa
Poisson’s Ratio 0.28
Yield Stress 370 Mpa
Ultimate Stress 440 Mpa

Figure 4.4 shows the true stress — true strain curve of the mild steel used in this project. This

graph is plotted with data obtained from experimentation done by (A.G. Mamalis, 2001) in
their study.
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Figure 4. 4: True Stress - True Strain curve of annealed low carbon steel (AlISI 1021)
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4.4 Validation of Specimens

A Finite Element representation of specimen 1 is shown in Figure 4.5. This model was
generated using hypermesh and Table 4.2 shows the design parameters of specimen 1.

Table 4. 2: Material and simulation characteristics of specimen 1

Geometrical and simulation characteristics Values
Bottom Dimensions (mm) 50.0x51.9
Top Dimensions (mm) 34.5x35.6
Height (mm) 127
Wall thickness (mm) 0.97
Semi Apical Angle (°) 5
Drop mass (kg) 60
Impact velocity (m/s) 6.05
Number of element used by Mamalis et al 3300
Number of Elements used in present study 2772
Number of elements used by Altin et al N/a
Bottom

""""""""""""""""""""" 60kg moving wall
Top

\

>
l

50 mm

< 127 mm

. A

Figure 4. 5: Finite Element Model of Specimen 1
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Shown in Figure 4.6 below is a side view of an illustration of the collapse behavior and fold
formation of specimen 1 undergoing crushing at different time intervals. It is seen from the
Figure 4.6 that the collapse of the walls of the tube forms concentric lobes. While Figure 4.7
Is an axial view of specimen 1 after a complete simulation of the run. From Figure 4.7, it is

seen that the four walls have identical collapse behavior.
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Figure 4. 6: Step collapse behavior of Specimen 1
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Figure 4. 7: Axial View of fully deformed shape of specimen 1 after impact
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4.4.1 Results Comparison of Specimens with previous studies.

It is easier to analyze data using a graph, that is why the force — displacement data obtained
in the simulation of this specimen is used to draw a curve which will help give a better picture
in the mode and behavior of the specimen as the force is being applied as well as the
variations in the results of this present study and that of previously established solutions.

Figure 4.8 shows the graphical comparison of the Force — displacement curves.
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Figure 4. 8: Validation of Force - Displacement curve of specimen 1

According to the force — displacement graph of specimen 1 in Figure 4.8, it is observed that
the numerical study of Mamalis et al 2001, Altin et al 2018 and the present study have similar
tendencies with little variations but the variation of the experimental curve to that of the
numerical studies are more obvious but still within acceptable range of performance as

confirmed by Mamalis et al and Altin et al in their studies.

The degree of error or deviation from the experimental result is obtained using equation 4.1

Experimental value — Numerical Value

% Error = - X 100% 4.1
Experimental value
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The experimental value is the baseline to check the degree of accuracy of the numerical
studies, therefore the performance parameters are assessed based on their convergence to the

experimental values.

4.4.2 Total Energy Absorbed

The total energy absorbed is calculated using equation 2.8. According to the results of the
total energy absorbed by specimen 1 in a deformation length of 75mm and the error obtained
in the present study is less than 2%. The deviation of the total absorbed energy of specimen
1, 2, 3, and 4 from the experimental values are 1.8%, 14.2%, 23.43%, and 0.17%

respectively. As regards to energy absorbed, specimen 4 has the least level of deviation.

4.4.3 Initial peak force

The present study has a lower error value. Meaning that the performance of specimen 1 in
this present study in the aspect of initial peak force, it is closer to the experimental study
than the previous studies. The deviation of the present study of specimen 1, 2, 3, and 4 from
the experimental values are 6.21%, 15.85%, 14.38% and 26.87% respectively. The
validation of the specimen 1 gives the lowest level of deviation from the experimental values

of initial peak force.

4.4.4 Specific Energy Absorption

The specific energy absorbed (SEA) is calculated using equation 2.9. On the base of the
specific energy comparison shows that the present study has a little above 2% error which is
higher than the level of error of the previous studies but still within an acceptable range
therefore the study can be furthered. The deviation of specimen 1, 2, 3 and 4 from the
experimental values observed are 2.196%, 14.21%, 22.55% and 1.61% respectively.
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445 Mean crush force

The mean crush force of specimen 1, 2, 3 and 4 in the validation study for this work has a
maximum deviation from experimental values of 23.43% which is from specimen 3 and

minimum error level of 0.17% which corresponds to specimen 4.

4.4.6 Crush force efficiency

In the Crush force efficiency column of Table 4.5 that there is only about 4.3% error
deviation from the experimental result. And this shows less compared to previously

established studies.

4.5 Graphical representations of specimen 2

Shown in Figure 4.9 and Table 4.3 are the finite element model and geometrical parameters
of specimen 2 respectively.

Figure 4. 9: Finite Element Model of Specimen 2
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Table 4. 3: Geometrical and simulation characteristics of specimen 2

Geometrical and simulation characteristic Values
Bottom Dimension 58.5x59.1
Top Dimension 35.7x36.4
Height (mm) 127
Wall thickness (mm) 1.47
Semi-apical angle (°) 7.5
Drop mass (kg) 60
Impact Velocity (m/s) 9.1
Number of Elements used by Mamalis et al 3300
Number of Element used by Altin et al N/A
Number of Elements used in present study 3268

As shown in Figure 4.10, the collapse behavior of specimen 2 is not as smooth as specimen

1. The formation of folds are not concentric and there appears to be a bulge in one of the

sides of the walls as seen in Figure 4.11.

el T

Figure 4.10: Collapse Behavior of specimen 2
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Figure 4.11: Fully deformed shaped of specimen 2 (front view)

According to the graph shown in Figure 4.12, all the curves have similar tendencies except

for Mamalis experimental that has a bit of obvious deviation from the others but are still in

good agreement with the others as the peaking and rising of the curves have similar behavior.

80

Load kN

= Altin et al Numerical

Mamalis Numerical
Mamalis Experimental

— Present Study

0.4 0.6 08
Displacement/Length

Figure 4.12: Graphical comparison of the Force - Displacement of specimen 2
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Total energy absorption shows the deviation of accuracy from the experimental result and

the already established solution of previous studies and this is of a magnitude of 14.2% error.

It is understood that the highest level of error in validation is in the initial peak force which
gives about 15.9% deviation from the experimental result. This result can be improved by

further meshing of the specimen with smaller elements.

4.6 Graphical representation of specimen 3

The image of the finite element model of specimen 3 is shown in Figure 4.13 and the
geometrical and simulation characteristics used for the validation study of specimen 3 is

given in Table 4.4.

Figure 4.13: Finite Element model of Specimen 3

After the finite element simulation of specimen 3, the collapse modes are captured for 4
stages to better understand the collapse mode of specimen 3 under impact. This collapse

modes is shown in Figure 4.14 and Figure 4.15.
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Table 4. 4: Geometrical and simulation characteristics of specimen 3

Values
55.8x57.2

Geometrical and simulation characteristics

Bottom Dimension (mm)

26.5x27.5

Top Dimension (mm)

Height (mm)

127
1.6
10
60

9.25

2000

Wall thickness (mm)

Semi Apical angle (°)
Drop Mass (kg)

Impact Velocity (m/s)

Number of Elements used by Mamalis et al

N/A
3182

Number of Elements used by Altin et al

Number of Elements used in present study
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The results obtained from simulation of specimen 3 is compared with the results of
Figure 4.16 shows similar crushing behavior with the numerical studies of previous works.

previously established solutions in literature. The Force — Displacement curve shown in
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Figure 4.14: Collapse behavior of specimen 3
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Figure 4.15: Final collapse shape of specimen 3 (Front view)

The performance of specimen 3 in the validation study is analyzed and a maximum deviation
from the experiment is observed in the crush force efficiency comparison which yielded
about 44.2% deviation. While the minimum deviation is recorded to be about 14.4%. These

variations can be observed in Figure 4.16.

——— Altin et al Numerical
60 Mamalis Numerncal |
Mamalis Experimental

— Present Study NMumerical

Load kN

0.0 0.2 0.4 0.6 0.8

Displacement/Length

Figure 4.16: Graphical Comparison of force - Displacement of Specimen 3
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4.7 Graphical representation of specimen 4

The finite element model of specimen 4 is shown in Figure 4.17 and the geometrical and

simulation characteristics.

Table 4. 5: Geometrical and simulation characteristics of specimen 4

Geometrical and simulation characteristics Values
Bottom Dimension (mm) 56.8x56.5
Top Dimension (mm) 11.7x11.6
Height (mm) 127
Wall thickness (mm) 1.52
Semi apical angle (°) 14
Drop Mass (kg) 60
Impact Velocity (m/s) 8.7
Number of elements used by Mamalis et al 4400
Number of elements used by M. Altin et al N/A
Number Elements used in Present study 3344

Figure 4.17: Finite Element Model of Specimen 4
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Figure 4.18 and 4.19 illustrates the collapse behavior of specimen 4 under crushing. From
the figures it is seen that specimen 4 experiences a stable collapse behavior with uniform
fold formation on the four (4) walls. This effect is attributed to the smaller edge of specimen

4 as a result of its larger semi-apical angle

Figure 4.18: Collapse Behavior of Specimen 4
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Figure 4.19: Final Deformed Shape of Specimen 4 (Front View)
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Figure 4.20 shows the comparison of the load — displacement curve of the present study and

the previously established solutions in literature.

50

Load kN

10 - — Altin et al Numerical

Mamalis Numencal
Mamalis Experimental

Present Study

0.0 0.2 0.4 0.6

Displacement/Length

Figure 4.20: Comparison of force - displacement curves of specimen 4

Table 4.6 shows the numerical result of the present study of specimen 4 has only 0.2% mean
crush force deviation from the experiment. From the results tabulated in Table 4.6, the
validation of specimen 4 has a better agreement with the experimental results than the

previous studies.

Validation results showed the lowest deviation from the experimental result was about
0.17%. Maximum deviation is for initial peak force of about 26% deviation from
experimental result except for the crush force efficiency of specimen 2 which gives about
35.67%. This results deemed satisfactory therefore the present study was furthered to

investigate the effect of velocity on the energy absorption characteristics of crash boxes.
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Table 4. 6: Results of Validation Study

COMPARISON OF ENERGY ABSORBING CHARACTERISTICS OF MODEL WITH PREVIOUS

STUDIES
Specimen 1 2 3 4
AUTHORS COMPARISON OF THE TOTAL ENERGY ABSORPTION
MAMALIS ET AL experimental | (kJ) 0.896 1.792 1.716 1.738
MAMALIS ET AL Numerical (kJ) 0.91 2.011 2.061 1.812
Error (%) 1.5 12.2 15 4.2
Altin Kilinc Numerical (kJ) 0.894 2.034 1.93 1.585
Error (%) 0.3 13.5 111 8.8
Present Study Numerical (kJ) 0.880 2.046 2.118 1.741
Error (%) 1.9 14.2 23.4 0.2
COMPARISON OF THE INITIAL PEAK FORCE
MAMALIS ET AL experimental | (kN) 36.5 63.37 50.43 29.3
MAMALIS ET AL Numerical (kN) 33.44 68.41 52.82 35.98
Error (%) 8.3 7.9 4.7 22.7
Altin Kilinc Numerical (kN) 33.94 53.63 45.24 25.56
Error (%) 8.3 15.3 10 12.7
Present Study Numerical (kN) 34.233 53.329 43.18 21.428
Error (%) 6.2 15.9 14.4 26.9
COMPARISON OF THE SPECIFIC ENERGY ABSORPTION
MAMALIS ET AL experimental | (kJ/kg) 5.517 6.642 6.672 8.675
MAMALIS ET AL Numerical (kJ/kg) 5.6 7.455 8.011 9.043
Error (%) 1.5 12.2 15 4.2
Altin Kilinc Numerical (kJ/kg) 5.503 7.54 7.503 7.909
Error (%) 0.3 13.5 11.1 8.8
Present Study Numerical (kJ/kg) 5.395828 | 7.585647 | 8.174918 | 8.535287
Error (%) 2.2 14.2 22.5 1.6
Mass (kg) 0.162533 | 0.26972 | 0.259085 | 0.203977
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Table 4.6: Results of Validation Study (Continued)

COMPARISON OF MEAN CRUSH FORCE

MAMALIS ET AL experimental | (kN) 11.94667 | 23.89333 22.88 | 23.17333
MAMALIS ET AL Numerical (kN) 12.13333 | 26.81333 27.48 24.16
Error (%) 1.6 12.2 20.1 4.3
Altin Kilinc Numerical (kN) 11.92 27.12 | 25.73333 | 21.13333
Error (%) 0.2 48.9 12.5 8.8
Present Study Numerical (kN) 11.69333 27.28 28.24 | 23.21333
Error (%) 2.1 14.2 23.4 0.2
COMPARISON OF CRUSH FORCE EFFICIENCY
MAMALIS ET AL experimental | (%) 32.73059 | 37.70449 | 45.36982 | 79.08987
MAMALIS ET AL Numerical (%) 36.28389 | 39.19505 | 52.02575 | 67.14842
Error (%) 10.9 3.95 14.7 15.1
Altin Kilinc Numerical (%) 35.1208 | 50.56871 | 56.88182 | 82.68127
Error (%) 7.3 34.1 25.4 4.5
Present Study Numerical (%) 34.15807 | 51.15416 | 65.40065 | 60.53968
Error (%) 4.4 35.7 10.06 23.5
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CHAPTERS
ANALYSIS OF CRUSH BOX MODELS WITH DIFFERENT
IMPACT VELOCITIES

The validation study shows a reasonable level of degree of agreement with already
established solutions in literature. Therefore, it is ideal to move to the next phase of this

study.

This project is aimed at analyzing the effect of impact velocity on the energy absorption
characteristics of crash boxes using the model of Mamalis et al, 2001. As a case study; the
models used in this project are identical with those of Mamalis et al, 2001 therefore, this
chapter will be dealing specifically and directly with the procedures and methodology of the

present study.

Shown in Table 5.1 are the geometrical parameters of the baseline specimens used in this

project.

Table 5. 1: Details of baseline specimens used in this study

Specimen 1 Specimen 2 Specimen 3 Specimen 4
Top dimensions (mm) 34.5x 35.6 35.7 x 36.4 26.5x275 11.7x11.6
Base dimensions (mm) 50x51.9 58.5x59.1 55.8x57.2 56.8x56.5
Height (mm) 127 127 127 127
Wall thickness (mm) 0.97 1.47 1.6 1.52
Semi apical angle (°) 5 7.5 10 14
Drop mass (kg) 60 60 60 60
Impact velocity (m/s) 6.05 9.1 9.25 8.7




In this project the impact velocity was varied four (4) times for each specimen making a total

of 16 runs.

While shown in Figure 5.1 are the finite element meshes of the four (4) specimens used in

this study.
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Figure 5. 1: Finite Element Models of the four Specimens

For the purpose of simplicity in computation and running times, Ls-Dyna is used to specify
the thickness of the shell element, therefore a midplane is generated using hypermesh. The
midplane is used in the simulations in hypermesh, the calculation is done using the midplane
in the simulation as the midplane retains the geometrical shape and characteristics of the

actual model. The midplane is calculated using Equation 5.1 and Figure 5.2 shown below

Dmidplane = Diube = ttube (5.1)

Where Dmidplane is the Diameter of the midplane while Dupe is the Diameter of the tube and

twbe IS the thickness of the tube.
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Figure 5. 2: Midplaning a model

5.1 Hypermesh Modeling Procedure of Specimen

In hypermesh, the “igs” format of the CAD model is imported as a geometry, after the
importation of the “igs” file the midplane of the geometry is taken using the midplane

command in the geometry taskbar as shown in Figure 5.3 below.

After the midplane is done correctly, the model is organized into two (2) parts as shown in

Figure 5.4 using the “organize” command in the tool taskbar.

Figure 5.5 illustrates how the parts are identified and organized into components by ensuring
that collector is selected and on the drop down menu “surfs” is selected and the desired
destination component in which the part is to be moved into should be selected on the “dest

component” field.
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Figure 5. 3: Midplane command
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Figure 5. 4: Organize command in the tool task bar

Figure 5.6 shows the list of component created in which any part of the geometry can be
placed.
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Figure 5. 5: Selection of parts into components
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Figure 5. 6: List of component to select when organizing

Whenever a midplane command is used to obtain the midplane of a model, there is a
tendency of some joints of the model to loose connectivity with other parts therefore, to

ensure proper connectivity of the rigid wall and the tube, the “surface edit” command is used
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to trim and join free edges that are not properly connected, because for accuracy in obtaining
the results it is important that all parts have nodal connectivity.

After connectivity of nodes is done, the “automesh” command is used in the 2D task bar as

shown in the Figure 5.7 below.
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Figure 5. 7: Automesh command in the 2D tool bar

In the “automesh” command menu, “surface” should be selected because the mesh will be
generated using the surface of the geometry selected, then the element size is taken to be

2.5mm (Altin et al, 2017) and quad elements are selected as shown in the Figure 5.8.
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Figure 5. 8: Automesh setup
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When the automesh command is setup, the mesh button must be clicked for the program to
automatically generate the mesh of the geometry using the criteria specified by the user and

displays the next screen shown in Figure 5.9.
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Figure 5. 9: Automeshed model

After meshing, element check is done and the elements and nodes are renumbered using the
“renumber” command from the “tools” menu shown in Figure 5.10 below. From the
renumber page, it is important that both elements and nodes are renumbered for all parts
together to maintain nodal and elemental uniformity. A unique node is formed on the moving
surface and it is numbered as “99999” so as to help Ls-Dyna identify the motion of the

moving surface.
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Figure 5. 10: Renumber command on the Tool menu

5.2 Ls-Dyna Pre-post

In Ls-Dyna Prepost, the thickness of the model is added, the material properties of all the
parts are added, motion description of the moving wall is inputted, the contact definition is

given and other miscellaneous are inputted to run the simulation.

521 *Mat

*MAT is a command in Ls-Prepost in which the parts are categorized into rigid and
deformable parts. With this command, the material properties such as density, Poisson’s

ratio and Young’s modulus are defined.

Being that in this project, only 2 parts are modeled and defined and these parts are made up
of materials. Ls-Dyna has a vast array of material library which will not be discussed in this
project because they are beyond the scope of this study.

Material type 024 and material type 020 is selected to be the materials of the tube and rigid
wall respectively. This selection is made due to already established solutions from literature
(A.G. Mamalis, 2001)

51



*MAT_PIECEWISE_LINEAR_PLASTICITY (MATO024) is used to describe the behavior

of the deformable parts such as the tube (crash box).

*MAT_RIGID (MATO020) is the material type defined for the rigid wall. These material
cards are shown in the Figure 5.11 and 5.12 below.

It is worth noting as stated in Chapter 2 that Ls-Dyna uses a system known as consistent unit

system in which the units are not inputted but the values in its consistent magnitude as shown
in Table 2.1.

i KEYWORD INPUT

NewID RefBy | Pick | Add | Accept | Delete | Default | Done 2|

[ use *PARAMETER (Subsys:1) Setting

*MAT_PIECEWISE_LINEAR_PLASTICITY_(TITLE) (1)

1 MID RO E PR SIGY ETAN FAIL TDEL

‘ 2 | 7.830e-006 | 207.00000 | 0.2800000 | 0.0 0.0 0.0 0.0 |
2 C 4 LCSS LCSR ve

‘o.o |o.o |1 |.io HM %
3 EPS1 EPS2 EPS3 4@ EPS5 EPS6 EPS7 EPS8

‘ 0.0 | 0.0 | 0.0 | 0.0 | 0.0 |o.o | 0.0 |o.o |
4 ES1 ES2 ES3 ESa ES5 ES6 ES7 ES8

‘ 0.0 | 0.0 | 0.0 | 0.0 | 0.0 |o.o | 0.0 |o.o |

COMMENT:
T

Total Card: 1 Smallest ID: 2 LargestID: 2 Total deleted card: 0

Figure 5. 11: Material card of MAT 024 for the crash box

The tube is modelled using “4 Node” shell element selected from the element library of Ls-
Dyna. This selection is made because the “4 Node” shell element gives a better presentation

of macroscopic mesh distortion.
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B KEYWORD INPUT

HewID RefBy | Add | Accept | Delete

[] use *PARAMETER (Subsys:1) Setting

— | SN (1 11AT20 MAT RIGID

*MAT_RIGID_(TITLE) (1)

TITLE

|r-1ATzo MAT_RIGID |

1 MID RO E PR N COUPLE M ALIAS

|1 |7.330e-005 |l.1l)De+l)l)5 |o.zsonono 0.0 o T |
2 (Mo coni conz

10 v [ |
3 LCOORA1 A2 A3 vi v2 V3

|o.ooo | 0.0 | 0.0 |o.o 0.0 0.0

COMMENT:

TotalCard: 1 SmallestID: 1 Largest ID: 1 Total deleted card: 0

Figure 5. 12: Material card of MAT020 for the rigid wall

On the material card shown in Figure 5.11 and Figure 12, the fields MID, RO, E, and PR

are the material 1.D, Density, Modulus of Elasticity and Poisson’s ratio respectively.

5.2.2 *Rgdwal

The motion of the moving wall is defined using the “*Rgdwal” keyword command
*PLANAR_MOVING_FORCES. In this keyword, the velocity, the mass, the direction of
motion is specified using the “XT and XH” system (where XT stands for the tail of the arrow
of direction and XH stands for the head of the arrow of direction) of the moving wall is

given. The keyword of the rigid wall motion is shown in Figure 5.13.

The “XT” and “XH” are used to define the direction of motion in the simulation run. The
“XT” is usually indicative of the beginning of the direction vector, while the “XH” is

indicative of the direction of the progression of the vector head as illustrated in Figure 5.14.

53



| I KEVWORD INPUT
NewID Draw Pick ‘ Add ‘ Accept ‘ Delete ‘ Default ‘ Done

[J use *PARAMETER (Subsys: 1) Setting

*RIGIDWALL_PLANAR_MOVING_FORCES (1)

1 Ip TITLE

C—
2 nsiD NSIDEX BOXID OFFSET BIRTH DEATH RWKSF

|o |.io |.io |.io.o |o.o |o.o |o.o |
3 XT JYT JH 4& YH ZH FRIC WVEL

|1zs.ooooo |o.o |o.o |127.ooooo |o.o |o.o |o.3oooooo |o.o
4 MASS vo

| 60.000000 | 6.0500002 |
5 SOFT 551D i N2 N3 na

o R ] == B O o

— — — —

COMMENT:
T

1D :=0ptional Rigidwall ID.

Figure 5. 13: Rigid wall motion keyword card

When XT is greater than XH, it means the direction of vector is to the left along the X axis
while if XT is less than XH, the direction of vector is to the right.

XH

\ /XT

—

Figure 5. 14: XH and XT illustration
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5.2.3 *Contact

This key word command is used to give contact definition for the models. In this project, the

“Automatic_Single Surface” contact definition is used as illustrated in Figure 5.14.

The Static coefficient of friction and the dynamic coefficient of friction are entered in the
fields titled “FS” and “FD” in Figure 5.14.

| R KEYWORD INPUT
NewID Draw Pick ‘ Add ‘ Accept ‘ Delete ‘ Default ‘ Done

[ use *PARAMETER (Subsys:1) Setting

*CONTACT_AUTOMATIC_SINGLE_SURFACE_(ID/TITLE/MPP) (1)

ap TITLE
1
CMep1 [Jmep2
0 200 3 2 1.0005 0
0 10 0
1 ssD MSID SSTYP MSTYP SBOXID MBOXID SPR MPR
L L
] ) O ) CHNN ) (R R
— —
2 s D DC vC vDC PENCHK BT DT
| 0.3000000 | 0.2000000 | 0.0 0.0 | 10.0000000 | 0 - |o.o 1.000e+020
3 &Fs SFM SsT MST SEST SEMT FSF VSF 2

TotalCard: 1 Smallest ID: 1 Largest ID: 1 Total deleted card: 0

Figure 5. 15: Automatic single surface contact card

5.2.4 *Control

This card controls the condition needed for the simulation to terminate. In this project, the
*control card uses the following conditions mentioned below to determine the run time of

the simulation.
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a) Contact

b) Energy

c) Shell

d) Termination

e) Time step

Figure 5.15 to 5.20 shows the cards for the contact, Energy, Shell, Termination and Time
step respectively. The contact control card shown in Figure 5.15 is used to define the contact

parameters for the run. While the energy control card is used to include hour glass energy.

5 KEvWORD INPUT

Clear ‘ Default ‘ Accept ‘ Delete ‘ Done

[Juse *PARAMETER (Subsys:1) Setting

*CONTROL_CONTACT (1)

1 SLSFAC RWPNAL ISLCHK SHLTHK PENOPT THKCHG ORIEN ENMASS

|o.1oooooo |o.o |1 P P P |1 P v
2 USRSTR USRFRC NSBCS INTERM XPENE SSTHK ECDT TIEDPR]

. C—C—C T
3 SFRIC DFRIC EDC VFC ™ TH SF PEN_SF

| 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 |
4 IGNORE FRCENG SKIPRWG OUTSEG SPOTSTR SPOTDEL SPOTHIN

0 ~ |0 ~ |0 “|0 “|0 “|0 v
5 ISYM NSEROD RWGAPS RWGDTH RWKSF Icov SWRADF ITHOFF

1] ~ D ~ D w [0LD 1.0000000 1] vo ~
6 SHLEDG

o 1 24

Figure 5. 16: Contact control in Ls Dyna keyword file
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[ KEVWORD INPUT

Clear ‘ Default | Accept | Delete ‘ Done

[Juse *PARAMETER (Subsys: 1) Setting

FCONTROL_EMERGY (1)

1 HGEN RWEN SLNTEN RYLEN
2 w2 w2 w2 e
COMMENT:

HGEN :=Hourglass energy calculation option.
EQ.1: hourglass energy is not computed (default),
EQ.2: hourglass energy is computed and included in the energy balance.

Figure 5. 17: Energy Control in Ls-Dyna keyword file

The hourglass is an energy free strain state that occurs in regions of a mesh containing one

point integration of solids or shells.

The hour glass energy is computed and included in this energy balance analysis because of

areas of concentrated loads during the crushing of the tube
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& KEVYWORD INPUT

Clear | Default | Accept | Delete | Done
[ use *PARAMETER (Subsys: 1) Setting

*CONTROL_SHELL (1)

1 WRPANG ESORT IRNXX 1STUPD THEORY BWC MITER PROJ
20000000 |o [ o v]z v]2 ME vo v]
2 ROTASCL INTGRD LAMSHT CSTYPE TSHELL NFATL1 NFATL4 PSNFATL
[o00000 o [o [t o o o [o |
3 PSSTUPD IRQUAD CNTCO
[o lo lo |
COMMENT:
v
Figure 5. 18: Shell control
IR kevwoRD INPUT
Clear | Defaultl Ameptl Delete | Done
[Juse *PARAMETER (Subsys: 1) Setting

*+CONTROL_TERMINATION (1)

1 ENDTIM ENDCYC DTMIN ENDENG ENDMAS
35.000000 0 0.0 0.0 0.0
COMMENT:

Figure 5. 19: Termination control
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The termination control shown in Figure 5.18 is used to determine the condition for

termination of the simulation when running.

I xevwoRD INPUT

Clear | Default | Accept | Delete Done
[ use *PARAMETER (Subsys: 1) Setting
*CONTROL_TIMESTEP (1)
1 DTINIT TSSFAC 15D0 TSLIMT DT2M5 LCTH ERODE M515T
|o.o |o.9oooooo |o |o.o 0.0 0 | ﬂo " v
2 DI2MSF DT2MSLC MsCL
|o.o |o |. 0 | j
COMMENT:

Figure 5. 20: Timestep control

5.2.5 *Define

This section is used to define and load the material property curves, velocity curves (if
applicable). The defined curves can be plotted in this keyword as illustrated in Figure 5.20
and 5.21 which is a defined curve of the stress — strain curve of the mild steel obtained from
literature (A.G. Mamalis, 2001) and was digitized using GetData graph digitizer.
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m,\,‘ A,...|,,,,.,e,,t‘[,e.ete|[,eﬁ".,t|[,.,,.e

NewID Draw T
[ use *PARAMETER (Subsys: 1) Setting
*DEFINE_CURVE_(TITLE) (2)
~
TITLE
1 LoD DR SFA SFO OFFA OFF0 DATTYP
l:l ° ¥ |1.noooooo 1.0000000 0.0 0.0 ° %

Repeated Data by Button and List

Al 01

‘ 0.000 | 0.210000

~| DataPt 1 Load XYData
2 5.6101e-004 2.1166e-001
3 B.9762e-004 2.17042-001
4 1.4586e-003 2.2063e-001

5 2.1318e-003 2.2422e-001
& 8.9762e-004 2.17042-001 .
7 1.2342e-003 2.1973e-001 12e3 =9 R
8 1.6830e-003 2.2152e-001 .

Replace Insert Plot Raise

TotalCard: 2 Smallest ID: 1 Largest ID: 999 Total deleted card: 0

Figure 5. 21: Material property data card

G PlotWindow-1
0.35_9€0. 1
i Define Curve
03 »——J’/(I;w
0.25
i A A
0.2
(1]
- B
[
T 015
(o] L
041
0.05
c | | | |
0 0.02 0.04 0.06 0.08
min=0.21 Abci
max=0 3964A tissa
SRS Title ‘ Scale ‘ Attr ‘ Filter ‘ Print ‘ Save ‘ Load ‘ Oper ‘ Hide ‘ Close ‘ Quit

Figure 5. 22: Material stress — strain curve
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526 *Part

The model is grouped into two (2) parts and must be given unique part identification number
for easy referencing in Ls-Dyna. The *Part keyword is used to identify and connect the
material to the geometry and section with its already defined material. This is shown in
Figure 5.22 below.

| Bf KEYWORD INPUT

NewID Draw RefBy | Pick | Add | Accept ‘ Delete | Default | Done 2 midplane
[ use *PARAMETER (Subsys:1) Setting

*PART_(TITLE) (2)

2 FID SECID MID EOSID HGID GRAV ADPOPT THMID

Total Card: 2 Smallest ID: 1 LargestID: 2 Total deleted card: 0

Figure 5. 23: Part title

5.2.7 *Section

Section keyword is used to add the thickness of each part identified as shown in Figure 5.24

below.
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i KEYWORD INPUT

NewID Draw RefBy | Snrt,'Ill Add | Accept | Delete | Default

Done |_

[Juse *PARAMETER (Subsys: 1) Setting

~E

FSECTION_SHELL_(TITLE) (2)

TITLE

1 sEap ELFORM SHRE np PROPT QR/IRID 1comp SETYR

2 11 T2 13 T4 nLoc MAREA 1DOF EDGSET
|1 |1 |1 |1 |0.« |0.« |0.« 0

Repeated Data by Button and List

Total Card: 2 Smallest ID: 1 Largest ID: 2 Total deleted card: 0

Figure 5. 24: Shell section card

5.2.8 *Set

This keyword is used to group parts together for the purpose of giving boundary conditions

to a group of parts. The *set keyword card for this project is shown below in Figure 5.24.

I} KeEvwORD INPUT

newin | oraw ey | pok | ndt | st | oeete | oetout | oenc [INSSSSSSSS—
[] use *PARAMETER (Subsys:1) Setting
*SET_PART_LIST_(TITLE} (1)
~
TIME
1 s DAL DAZ DA3 DA4

Repeated Data by Button and List

2 PID1 PID2 PID3 PID4 PIDS D6 PID7 PIDB

N N ] O ! O O CH o 1
Range —ISet Data -
DataPt. 1
Replace
Insert
.

TotalCard: 1 Smallest ID: 1 LargestID:1 Total deleted card: 0

Figure 5. 25: Set part list card
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After setting up all the keyword cards, the material card is saved as “sample run.k” format.
Before starting up the simulation in Is-dyna, it is important to save the “nodes_elements.k

and “sample run.k” in the same folder.
5.3 Ls-Dyna
The Ls-Dyna program is used for the finite element analysis using the “sample_run.k” file.

The “sample_run.k” file is inserted into Ls-Dyna and the number of CPU (NCPU) is selected
depending on the number of cores of the computer being used. Figure 5.25 shows the startup

page for file input in Ls-Dyna.

18[E LS-DYNA Program Manager - 01/20/09 15:08:46 - 0 X
File View Solver LS-PrePost FEMB M

O|ul &5=E S Blelb]

Node Locked License  Network License  Manuals  Help

2| B alalnlalhlal 2

Start Input and Qutput

Select input and output filefs] folder and namels).
RUN
Input File | =

[ li Em&l Cancel

Output Prink File 0=
Default
e

- Set Command Line

NCPU [ =] MEMORY [defaul

Click More Option to input endtime, para, ncycle, More Option
seale factor,

Click Advance button to seclect moreinputand ——— Advance
output fils

Readly o

Figure 5. 26: Ls-Dyna interface

5.4 Post Processing

This is the user interface Ls-Dyna uses for results viewing. The Ls-Dyna simulation creates
a file named “d3plot” which contains the results of the simulation ready for viewing in the
post process. The “d3plot” file is opened on the pre-post to view the animation of simulation

and also to gain access to the “ASCII” command to view Energy — time curve, Force — time
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and displacement — time curves. In order to further explain the post processing of Ls-Dyna,
the first run is selected i.e the first run of the first specimen corresponding to the specimen

of 5° semi apical angle, 0.97mm wall thickness with 6.05 m/s velocity.

5.4.1 The Energy —time graph in Ls- Dyna post process

To obtain this graph, the “ASCII” command is clicked on the first menu list and the
“matsum*” command is selected as shown in Figure 5.26 below. The matsum data are

obtained from the tube.

[
File Misc. Toggle Background Applications Settings Help
geo_1 [T plotwindow-1 - o X Follow | Spiitw | Partide
Time = 0 Output | Trace Xyplot
1.2.ge0 1 Anno Light FLD
L Mat id SPlane | Setting | State
| A A Range | Vector | Mea
1 | A Find dent | asco
F Fcomp | History | Views
= 08 Appear | Color Model
III Group Blank SelPar
= 1 2[s3[a[s[sf[7]0
2 06 I~ Asci File Operation
2 File Istat * ~
w 1] mateum =]
= Load |\
€ 04 Uload || rworc *
= e | modout =
% Raise | clout
£ Pop | secforc
0.2 Done || 4efore v
- Matsum Data
r Plot |- Matid
0 I L I I L . I new |2
Y 2 |
kx 10 15 20 25 30 PAdd
min=0 Al
Time
max=1079.8 Clear

Title | off ‘ Tims ‘ Triad ‘ Boolr 1 umxle1 Frin I Isos I Leon I Acen I Zin I +10 ‘ Rx veon [EEEEEl| Tor | Front | Rioht | Redw | Home Rev

Hide Shad View Wire Feat Edge Grid Mesh Shrn Pcen Zout 1" cp Al ‘ Bottm | Back Left Anim Reset Info
_, Total

Multiple Select

~
2 Y
3-Hourglass Energy
25-Eroded IE
26-Eroded KE

(|27 Total Internal Enerav h

>

> xyplot 1 hidemenu <
background 1.0 1.0 1.0; textcolor 0.0 0.0 0.0; labelcolor 0.0 0.0 0.0; timestamp_color 0.0 0.0 0.0;

Select an ascil file for processing
" T

Figure 5. 27: Energy - time graph
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5.4.2 The Force —time graph in Ls-Dyna post process

To obtain this graph, the “ASCII” command is selected from the first list menu, then the
“rwforc” is selected then the load button is clicked to display the data processed titled “wall”;

this is selected then the “x — force” is selected and finally the plot button is clicked to display

the graph. This force — time graph is shown in Figure 5.27 below.

E-RN
78|

- o X

30.9€0_1
[ | [ | ] Rigid Wall

A iny-1

THREifrfe

Figure 5. 28: Force - Time Graph in Ls-prepost

5.4.3 The Displacement — time graph in Ls-Dyna post process

The “ASCII” command is selected to show the ASCII files and the “nodout™®” option is

selected because this option records the movement of the node identified as “99999” on the

moving surface. The process is shown in Figure 5.28 below.

65



i

geo_1
Time = ]

[ - - 0 x

UL

002801

— Nodelds

L]
iz

e A _iny-59899

I ER

ilf
e HHHEHER

\Y

N
i
i

404 b

X-displacement

%%%i%% j

HiH

!
£

H

g

z

Y min=0
hox | max=ddoss

i
£

™ m\r,.\'...a ..,,.\.._,|f...|1..,.|m m\h|m|.. n:-r

R R A
wde | shad Feat Gl zout H|w\rn won | Bk | e | mwm | pesst
m S oo

4-Resultant Displacement

i

ot vel

‘Click right mouse to expand) shrink dialog

Figure 5. 29: Displacement - time graph in Ls- prepost

5.4.4 The Force — displacement graph in Ls- Dyna post process

To obtain this curve the “XYPLOT” command is selected, afterwards the Displacement —
time and force — time graphs are loaded then used as “crossed” plot as described in Figure
5.29 below.

geo_t et | skt | e
e 0 ontont | Trace | ket
sana | v | o
B rtiinden-1 o = =
1 Bamoe | ecter | teacar
Rigid Wil d ident ASCH
) " ===
m—-‘l Appeae | o | totel
| e | et | saer
alll EEEAOES
¢ I ,\ J S
MRV L Sy S— :
I |
o
20 a0 80 8
min=-2.4085
. iy X-displacement
Lo | e o o [ e [ o [ oo [ e [ o [ e [ o [ wm
Pt
[ — < cinte 1000 <[ =
-
e o Cirvame o |t | _rome
T
e - e e
o it
Corve T i Tumctee
= "l bmmvert I~
e
e e T — — o—
N e
o 1 v 3o o0 esec 8

Figure 5. 30: Force - displacement graph displayed on Is-prepost
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5.45 The Energy — displacement graph in Ls-Dyna post process

To obtain energy versus displacement curve the “XYPLOT” command is selected,
afterwards the Displacement — time and energy — time graphs are loaded then used as

“crossed” plot as described in Figure 5.30 below;

geo_1 Follow | Spitw | Partice
Time = o Output Trace Xxyplot
ama | ugm | mp
1B Plotwindow-1 - B X
SPtane | settion | state
12 o_1 Range | Vector | Measur
I I Mat Id nd | s | ascu
b
N— ) fcomp | watory | e
) Avvenr | Color | Model
0.8 A —= Group | Blank | selpar
& 7
F T 2]a]a]s[e[7]D
L o ,.-r..ﬁmJiJ— =
= O
g At @i © Window
s .
5 04 it
= xt
H ——
5 o0z
=
[ -
0.2 - } - } . + - |
20 40 60 80
min=.0.85831
=1079.3 X-displacement
¥ 1aX° - add |Eﬂ|Mue o
b sas [ e | sl | aw e | pm | sowe tosd | oper Wde | Owe | gt
X ) Show ross.
Clouveds
The | o | Tes | Tead | Beok | Unede | Fn | Bes | lem | een | om | oi0 | x| Do EEEEEN e | Frow | Wbt | Fedw | Feme || pums e
vide | Shad | Wew | wwe | Feat | Edge | Gid | Mesh | Swn | Peen | ot | 4 | ob Al Botm | Back | Leh | Anm | Reset || J—
‘‘‘‘‘ mes| <11 (np=1000) Curve Hame Fiter:
terpolate
ot | mew | pass |
[open xdata "C\Users\Fiohmet Al GULER \Deskion PETERVIEL TIG0FL VX" = [ i [ e | P | e |
> show 1-x 0 . Clear Fop | Dor

Load X¥-Flat data from a file

Figure 5. 31: Energy - displacement graph displayed on Ls-Prepost

5.4.6 Specimen mass calculation

The “d3hsp” records the mass of the parts used in the simulations. “notepad++” is used to
read and open the “d3hsp” file so as to obtain the masses of the parts as shown in Figure
5.31.
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HNOTE : For 2D axisymmetric proklems the following
masses are reported per radian.
For 2D plain strain/stress problems the
masses are reported per unit thickness.

summary of mass

moving rigidwalls mass= 0.&60000000E+02

part id = 1 mass= 0.21834034E-01 rigid body

part id = 2 mass= 0.16253299E+00 mass in rigid body= 0.22832381E-02
E o E ﬂ 1l mass = 0.60182083E+02

¥—coordinate of mass center = 0.53118168E+02

y—coordinate of mass center =-0.25464006E+02

z-coordinate of mass center = 0.25000000E+02

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

Figure 5. 32: Mass calculation from d3hsp file

5.5 Deformation modes of crash box

For the purpose of graphical display in this section, the deformation mode of the first
specimen at 6.05m/s speed is captured at 8.1 ms, 18.2 ms and 34.7 ms and shown in Figure
5.32, 5.33, and 5.34 respectively.
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Figure 5. 33: Deformation mode of specimen 1 at 8.1 milliseconds during impact at

6.05m/s velocity.
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Figure 5. 34: Deformation mode of specimen 1 at 18.2 milliseconds during impact at

6.05m/s velocity

RVARATANANAREY,
4 ammy Y B

T Ty

1]
r

L) ="

a nN
“aFgyanavauauaus® '
A Ppunmswmn &

Figure 5. 35: Deformation mode of specimen 1 at 34.7 milliseconds during impact at

6.05m/s velocity
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CHAPTER 6
RESULTS AND DISCUSSION

The analysis were conducted to determine EA (Energy Absorbed), SEA (Specific Energy
Absorbed), mass, IPCF (Initial Peak Crush Force), Pm (Mean Crush Force) and CFE (Crash
Force Efficiency). These parameters are used to judge the performance of a crash box thus
are calculated and given in Table 6.1 below for all the specimens indicating their
performances at various speed levels. The values of the result shown in Table 6.1 are

obtained for a deformation length of 90mm for all specimen.

The above mentioned parameters are calculated using Equations 2.8 to 2.11 given in chapter
2, except the mass that is recorded by the Ls-Dyna d3hsp file.

6.1 Force — displacement and Energy absorbed - displacement curves

In this section the force — displacement curves are drawn using the data obtained from
simulation. These curves are shown in Figure 6.1 — 6.4 for specimen 1, 2, 3 and 4
respectively. This graphs are used to understand the relationship of the crush force with

displacement as the crushing progresses along the axis of the tube.

45 6.05m/s 1800 6.05m/s
40 -_— —3200m//s = 1600 | __ — 20m/s
3 402/2 g 1400 30m/s e
30 £ 1200 40m/s e
= o]
z 5 4l 3 \ 2 1000
g 20 [‘,L'\ "y "N < 800
2 i | T ’ 1“{ a0
c 15 4*w "h SN 5 600
[N N ’ e
10 ] WS 400
5 200
0 0 L
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Displacement (mm) Displacment (mm)

Figure 6. 1: Force — displacement and EA - displacement graph for specimen 1 at various

speed
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Table 6. 1: Performance parameters of specimens under various speed

Specimen 1
Velocity (m/s) 6.05 20 30 40
Initial peak force (KN) 34.233 36.547 40.166 42.265
Maximum Force (kN) 34.233 36.547 40.166 42.265
Absorbed energy (j) 1079.8 1435.9 1539.8 1692.4
Specific absorbed energy (j/kg) 6551.53 8707.2 9342.5 10268.4
Mean force (kN) 11.998 15.95 17.11 18.80
Crush force efficiency (%0) 35.05 43.63 42.6 44.49
Specimen 2
Velocity (m/s) 9.1 20 30 40
Initial peak force (KN) 53.329 57.497 62.966 66.102
Maximum Force (kN) 53.329 57.497 68.191 84.091
Absorbed energy (j) 2427.2 2712.35 2973.5 3202.2
Specific absorbed energy (j/kg) 8873.3 9913.7 10868.21 11704.11
Mean force (kN) 26.97 30.14 33.039 35.58
Crush force efficiency (%0) 50.58 52.42 48.45 42.31
Specimen 3
Velocity (m/s) 9.25 20 30 40
Initial peak force (kN) 43.18 47.124 50.379 53.226
Maximum Force (kN) 48.648 61.953 68.151 84.191
Absorbed energy (j) 2525.1 2938.7 3113.9 3318.3
Specific absorbed energy (j/kg) 9593.071 11164.37 11829.97 12606.51
Mean force (kN) 28.057 32.6522 34.599 36.87
Crush force efficiency (%0) 57.673 52.71 50.77 43.79
Specimen 4
Velocity (m/s) 8.7 20 30 40
Initial peak force (kN) 21.428 21.609 22.236 22.352
Maximum Force (kN) 39.77 42.569 61.087 69.296
Absorbed energy (j) 2020.4 2107.7 2276.2 2426.4
Specific absorbed energy (j/kg) 9719.79 10139.78 10950.4 11672.99
Mean force (kN) 22.45 23.42 25.29 26.96
Crush force efficiency (%) 56.45 55.01 41.40 38.91
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The first peaks of the 4 runs for specimen 1 occurred before 5mm displacement which is the
elastic region before the first fold was formed at about 5mm displacement after which there

was a drop in force until a new fold was formed.

The last peak force in the force — displacement curve of all the runs of specimen 1 shown in
Figure 6.1 is higher for the 40m/s impact velocity due to strain hardening as the material

crumbles axially the strain working becomes saturated.

In the force — displacement curve of specimen 1 shown in Figure 6.1 above, the run at
6.05m/s and 20m/s are having similar characteristics with an offset on the run of 20m/s due
to increased force but the behavior of the force along the axial direction of the tube as the
crushing progresses is similar while the 30m/s and 40m/s runs are slightly similar.

The energy absorbed increases as the crushing progresses along the axis of the crash box.
The energy absorption levels are higher at higher speed levels. This behavior is accounted

for by the reason of the requirement of higher magnitude forces to cause the walls of the
crash box to collapse.

For specimen 1, at 6.05m/s there is a total energy absorbed of about 1.1kj while at 40m/s

impact velocity the total amount of energy absorbed is about 1.7kj.

70 9.1m/s 3000
20m/s ) {
60 30m/s 2500 —
40m/s S Lo/
>0 - 2000 /’
z g '
x40 f{ : -g .
v 2 1500
Sl \\_\/x/ \\V\ -/ <
- J N & 1000
20 | ] 9.1m/s
w500 = - 20m/s
10 | = = -30m/s
0 0 — - 40m/s
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Displacemnt (mm) Displacement (mm)

Figure 6. 2: Force — displacement and Energy Absorbed — Displacement curves of

specimen 2 under various speed
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The continuous increasing peaks of the forces along the axial displacement is a strong
indication of strain hardening which is caused by large plastic deformation. Strain hardening

causes higher peaks due to the dislocation and movement of the crystal structure of the
material as the crushing progresses.

90 9.25m/s 3500
80 20m/s
30m/s 3000
70 40m/s —
2\60 %2500
50 R £ 2000
@ A 172}
§40 ! ﬁ / < 1500
30 el / 31000 9.25m/s
20 1 i~ o 20m/s
10 | W 500 30m/s
o ! 40m/s

0 10 20 30 40 50 60 70 80 90

- 0O 10 20 30 40 50 60 70 80 90
Displacement (mm)

Displacement (mm)

Figure 6. 3: Force — displacement and Energy absorbed - displacement graph for specimen

3 at various speed

As the crash box is being crushed, the dislocation and movements of the crystals of the
materials increases and therefore causes a level of saturation of newly formed dislocations.
The newly formed dislocations acts as resistance to further dislocation which becomes
physical observed as the materials resistance to further plastic deformation therefore causing
a demand for more force to continue the crushing of the crash boxes. This behavior is more

noticeable on the Force — Displacement curves of specimen 4 shown in Figure 6.4.

As the crushing continues the peaking of the forces increases alongside meaning more force
IS required to initiate crumbling of the formed fold of the walls of the crash box because the

material of the crash box used in this study is Mild Steel AISI 1021 which possesses strain
hardenability.
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Figure 6. 4: Force - displacement and Energy absorbed — displacement graph of specimen

4 at various speed

The force — displacement curves of all the specimen in a total of 16 runs (4 runs for each
specimen) shows that there are critical points as the tubes are being crushed axially. These

points are the peaking and valleys of these curves.

(a) (b)

Figure 6. 5: Fold pattern of specimen 3 at 40m/s impact velocity (a. model feature line

view and b. model shadow and mesh view.
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The peaking and valley points of each specimen are almost same for the four (4) runs done.
On a general note, the peaking indicates the initiation of a collapse of the walls of the crash

boxes. While the valleys on the graphs indicates a new formation of fold.

This means that the number of visible peak and valley corresponds to the number of fold
formed during the crushing of the crash box. Specimen 3 is used to illustrate this concept in
Figure 6.5. For an impact velocity of 40m/s, specimen 3 has 4 folds formed which

corresponds to the number of peaking and valley of specimen 3 shown in Figure 6.3.

(@) (b)

Figure 6. 6: Fold pattern of specimen 3 at 9.25m/s impact velocity (a.) model feature line

view and (b) model shadow and mesh view.

Figure 6.6 illustrates the folds formed corresponding to the number of peaks found in the

curve shown in Figure 6.3.

The 9.25m/s impact velocity curve of specimen 3 in Figure 6.3, there are 3 fully developed
and half developed peaks and on Figure 6.6a there are 3 fully developed folds and a newly
developed fold.
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6.2 Energy absorbed — time curves

The energy absorbed - time curves shown in Figure 6.7 through 6.10 shows that as the impact
velocity increases the time decreases for the crash box to absorb the kinetic energy at a faster

rate. This behavior is same for all the four specimens.
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Figure 6. 7: Energy - time curve for specimen 1 at various speed
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Figure 6. 8: Energy - time graph for specimen 2 under various speed
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Figure 6. 9: Energy - time graphs for specimen 3 at various speeds
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Figure 6. 10: Energy - time graphs of specimen 4 at various speed
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6.3 Displacement — time curves

These curves are used to understand the relationship of the displacement of the crushing

processes with time. Figure 6.11 showed that at low speed of 6.05m/s the curve tend to be

parabolic but for higher impact velocity the curves tend to possess more linear characteristics
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Figure 6. 11: Displacement - time graph at various speed for specimen 1
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Figure 6. 12: Displacement - time graph for specimen 2 under various speed
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Figure 6. 13: Displacement - time graph for specimen 3 at various speed
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Figure 6. 14: Displacement - time graphs of specimen 4 at various speed
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6.4 Velocity — time curves

The velocity — time graph of specimen 1 to specimen 4 is given in Figures 6.17 to 6.20 shown

below.
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Figure 6. 15: Velocity - time graph of specimen 1 at various speed

The velocity — time curve of specimen 1 given in Figure 6.17 above is taken at a deformation
length of 89.5mm. At 89.5mm a 6.05m/s moving wall is not on a complete stop but having
a velocity of 1.16m/s. While at higher speed levels the moving wall crushes the tube
completely and some scenarios the tube was crushed backed beyond the rigid wall in the

simulation.
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Figure 6. 16: Velocity - time graph for specimen 2 under various speed

The velocity — time curves of all the four (4) specimen shown in Figure 6.17 through 6.20
reveals that the at higher speed, the deformation length of the crash box becomes insufficient
to absorb all the impact energy. This conclusion is drawn as at the end of deformed length

and in some cases the whole specimen, the rigid wall continues to propagate its motion.

In order to gain better performance under high speeds, it is proposed that the length and
thickness of the crash box must be increased in order for the crash box to be capable to

absorb the impact energy without the rigid wall moving beyond the length of the crash box.
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Figure 6. 17: Velocity - time graph of specimen 3 at various speed
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Figure 6. 18: Velocity - time graphs of specimen 4 at various speeds
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6.5 Force — time curves

The force — time curves is needful in understanding the impulse and response of the crash

box under different speeding condition.

Figure 6.21 to 6.24 is the force — time curves of specimen 1 to 4 respectively. These curves
possesses similar behavior as the speed increases the time needed to complete the crushing
decreases and the force wavelength decreases as the speed increases. Meaning the frequency

of the fluctuating magnitude of the forces increases as the speed increases.
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Figure 6. 19: Force - time graph of specimen 1 at various speed

From the force —time curves given in Figures 6.21 to 6.24, the peaking of the forces increases
in magnitude and the rising and falling slopes become steeper as the speed increases. This is
due to the rapid collapse of the walls of the tube during fold formation when impacted at

high speeds.
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Figure 6. 20: Force - time curve for specimen 2 under various speed
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Figure 6. 21: Force - time graphs for specimen 3 at various speeds
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Figure 6. 22: Force - time graph for specimen 4 at various speed

6.6 Analysis of the performance of the specimens at various speed levels using

principal crushing parameters.

In this sub section, the performance of the specimens used in this study will be analyzed.
This analysis is done using principal parameters such as absorbed energy (Figure 6.27).
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Figure 6. 23: Initial peak force - velocity graph of all four (4) specimen
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Specific energy absorbed (Figure 6.28), initial peak force (Figure 6.25), mean crush force

(Figure 6.26) and crush force efficiency (Figure 6.29) as discussed in Chapter 2.

As found from literatures, it is desirable for the initial peak force to be minimized as much
as possible in order to enable quick initiation of plastic deformation to absorb the crash

energy as much as possible without transferring the force to the occupant compartment of
the vehicles.
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Figure 6. 24: Mean crush force - velocity curve for all four (4) specimen

Figure 6.23 shows that specimen 2 consistently has the highest initial peak force for all the
velocity levels. This indicates that the geometrical parameters of specimen 2 will always
yield a high initial peak force irrespective of the velocity and it will increase as the velocity
increases. While specimen 4 appears to have the lowest initial peak force for all velocity
levels and has little increase as the velocity increases and this can be attributed to the

geometry of specimen 4 because all the specimen are made of same materials.
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Figure 6. 25: Absorbed energy - velocity curve for all four (4) specimen

One of the obvious geometrical characteristics of specimen 4 is the large semi apical angle.

This shows that semi apical angle has a large role in the effect of the initial peak force of

crash boxes because it enables a quick and uniform collapse behavior of the specimen.
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Figure 6. 26: Specific absorbed energy - velocity curve for all four (4) specimen
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Figure 6. 27: Crush force efficiency - velocity curves for all four (4) specimen

An understanding of the percentage change in performance parameters of the crash box is
important and vital to this study. Therefore, Table 6.2 highlights the percent change in

performance of the specimen as they are tested under four (4) different speeds.

The change is calculated using the corresponding parameter at the initial simulation speed
(6.05, 9.1, 9.25 and 8.7 m/s for specimen 1, 2, 3, and for respectively) and final simulation

speed (40 m/s) using Equation 6.1 shown below.

Final Value — Initial Value
% Change = — X100% (6.1)
Initial value
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Table 6. 2: Percent change of crushing parameters with increased velocity

SPECIMEN1 SPECIMEN2  SPECIMEN3  SPECIMEN 4

Initial peak force % change 235 23.95 233 4.3
Absorbed energy % change 56.73 31.90 31.41 20.095
SEA % change 56.73 31.90 31.41 20.095
mean force % change 56.73 31.90 31.41 20.095
CFE % change 26.95 -16.35 -24.07 -31.08

6.7 Discussion of results

From the simulations, it is observed that the specimens plastically deform progressively in
their axial direction beginning from the points of impact as seen in Figure 5.33 — 5.35. All

the specimen were observed to undergo similar pattern of plastic deformation and folding.

From the force — displacement curves shown in Figure 6.1 — 6.4, it is observed that for all
the specimen, before an initial peak force was reached, the material behaved elastically until
a peak force was reached which an immediate rapid drop of force was observed, these
regions are usually between 3mm to 5mm displacement for all the specimen. The rapid
dropping is also followed by subsequent peaking of the forces which connotes post

crumbling phases that follows due to the mode of collapse of the specimen.

Specimen 2 is observed to have the highest peak load consistently for all the velocity levels

analyzed, as shown in Figure 6.23.

Specimen 4 is observed to have the lowest peak force level consistently for all the levels of
impact velocity analyzed. This is due to the smaller top dimension where the moving wall
impacts, therefore the crash box required less force to initiate a deformation.

A high initial peak force demands that more force needs to be exerted on the crash box before
it can deform plastically. This is not really desirable in crash box designs as the initial peak
force needs to be as small as possible to prevent a force transfer to the vehicle occupant

compartment.
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From Table 6.2, specimen 2 has the highest initial peak force increase of about 23.95%

between a speed test of 9.1m/s to 40m/s.

The velocity — time graphs (Figure 6.17-6.20) showed that at speeds lower than 10m/s, the
crash boxes experiences a decreasing velocity as the crush proceeds until the targeted point
of termination. But for speed levels higher than 10m/s, the specimens experienced a sudden
collapse mode, hence there are little or no reduction in the impact velocities until the crushing

process is completed to the end.

The energy — displacement curves (Figure 6.1 — 6.4) shows that for all the specimens, an
increased velocity yield an increase in absorbed energy. This assertion is confirmed using
Figure 6.25 to visually assess the behavior of the specimens in absorbing energy as the speed
increases. This is logically acceptable because as the speed increases, the momentum
increases which yields more kinetic energy available for absorption. This shows that as the
speed increases, the specimens will keep absorbing energy until they reach their energy
absorption limit which is a factor of material property and geometry.

According to the absorbed energy — velocity curve shown in Figure 6.25 and Figure 6.26,
specimen 3 has a superior performance in absorbing energy. But as regards to crush force
efficiency, specimen 3 has superior performance while specimen 1 has the poorest
performance at low speeds but as the impact velocity increases to about 40m/s specimen 1
showed a superior performance while specimen 3 is next in performance. The change in
crush force efficiency for all the specimen studied dropped as the impact velocity increases

except for specimen 1. The following points are observed.

1. Energy absorption increased slightly, this slight increase is expected due to the
material property of the mild steel. Only strain rate dependent material properties
may change the energy absorption (Strain hardening). The rupture of the structure
didn’t allow greater energy levels.

2. The loads increased as the impulse increased due to higher impact velocity. The
increase is about 30% which is tolerated for injury. Further improvement of the

designs and materials may lead to lower levels of peak loads.
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3. Specimen 3 gave superior performance in energy absorbed, specific energy absorbed,
and mean load. Specimen 3 gave the second best performance as regards to CFE at

high impact velocities.
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CHAPER 7
CONCLUSION

This study has established an analytical solution to understanding the relationship of velocity
to the performance of crash boxes. It reveals that the performance of crash boxes is affected
by velocity, as seen in previous chapter. The peak loads for all the specimen has an increment
within the range of 4 to 24% (Table 6.2) from low speeds to high speeds.

An increase in velocity means increase in momentum which is a direct relation of impulse
(the product of force with time). So as the velocity increases, momentum increases and
therefore the impact force increases causing the specimen to be more resilient to

deformation.

Specimen 2 appeared to have the highest peak load for all speed levels and has a 16.6% drop

in crush force efficiency.

Specimen 4 has the lowest peak force with an absorbed energy within the range of 2kj to
2.5kJ (Figure 6.25). Specimen 4 experienced an adverse drop in crush force efficiency
performance as the impact velocity increased and became the least effective crash box at
impact velocity above 40m/s but a better performance was observed at low speeds (Figure
6.27).

Velocity has little effect on the initial peak force of specimen 4 but has obvious effect on the
initial peak force of specimen 1, 2 and 3. While for specific absorbed energy and energy
absorbed parameters, specimen 3 is observed to have superior performance and followed by

the 4™ specimen in the specific absorbed energy.

On this note, it is concluded that specimen 3 is the most effective specimen under the
conditions of this study. Depending on the critical factor of design, an engineer may choose
either specimen 3 for energy absorption criterion or specimen 4 for superior initial force

performance.

Increase in the number of crash boxes will increase the absorbed energy for higher velocities.
For higher velocities it is enough to increase the number of boxes since peak load can be

tolerated.

92



7.1 Recommendations

This study has shown that the behavior of crash boxes at high speeds shows a high degree

of unreliability of only 2 crash boxes fitted in vehicles for the purpose to absorb the crash

energy in the event of a crash therefore; It is recommended that the automobile be fitted with

more numbers of crash boxes to increase the possibility of higher levels of energy absorption.

Thicker crash boxes with lightweight materials are recommended for better energy

absorption performances.

7.2 Draw Back of Present Study

The present study had the following challenges and draw backs listed below;

a.
b.
C.
d.

Unavailability of funds for experimentation

Unavailability of an excellent processing machine (Computer) for simulations.
Advance knowledge of the software and programs used in this study.
Insufficient advance knowledge of crash mechanics

7.3 Future Studies

a.

Further study can be done to evaluate and find an optimum design geometry between
specimen 3 and specimen 4 for combined superior performance.

A change of material, materials like aluminum are good candidates.

A change of geometrical parameters such as the cross section, change from Square
to circular

Increase the thickness of the walls of the tubes.

Use filler materials to fill the void of the tubes.
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