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ABSTRACT 

There is a growing recognition of the importance of crashworthiness in aircraft 

and automobile transportation sector. Crashworthiness deals with the structtiral integrity 

of a vehicle during impact, especially as it relates to the safety of its passengers. The 

primary aim of a crashworthy vehicle design is to manage the rapid conversion of the 

kinetic energy in other forms (such as stmctural deformation) in a manner that attenuates 

effects of sudden decelerations (or accelerations) on occupants. Central to 

crashworthiness technology is the notion of energy absorption. The energy absorption 

capability of a structural element, among others, depends on the strain energy of plastic 

deformation. This research deals with the finite element (FE) analysis of energy 

absorption characteristics of extruded tubes. Extruded tubes were selected for this stud\ 

because such tubes are used extensively in structural and vehicular design. 

In this study, the FE cmsh analysis was carried out using LS-DYNA. It is an 

advanced general purpose nonlinear FE program. LS-DYNA is suited to handle the large 

deformations, sophisticated material models, and complex contact interactions required to 

analyze crash simulations. 

The objective of this study was to investigate the effect of five parameters on the 

energy absorption of extruded tubes. The five parameters considered were: imperfection 

location, cross-section, impact velocity, cutout size, cutout location, and impact mass 

size. It was shown that the circular and hexagonal extrusions had a high energy 

absorption efficiency compared to triangular ones. However, the triangular extrusions 

had the lowest crush peak force. Additionally, cutouts introduced in the sides of the 

extrusions lowered the crush peak force. Increasing the kinetic energy of the impacting 

mass was shown to increase the crushing distance, while also increasing the peak force 

slightly. Finally, it was further shovm that cutout and imperfection location influenced 

the tube folding pattern. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

In this chapter, energy absorption due to axial loading, effecting energy 

absorptions and crashworthiness are introduced. 

The aspects of collapse modes of extmded tubes, the energy absorption in 

aluminum extmded tubes and steel extmded tubes are reviewed in the part of energy 

absorption due to axial loading. In the section of effecting energy absorptions, the role of 

imperfections, initiators and their application are introduced. The section crashworthiness 

introduces some recent developments of automobiles, aircrafts and railway cars in 

protecting occupants. 

1.2 Energy Absorption Due to Axial Loading 

1.2.1 Collapse Modes of Extmded Tubes 

Absorbed energy is defined as the energy necessary to cause the collapse of 

members. This energy is transformed firstly into elastic strain energy in the deformed 

member and the remainder is dissipated in plastic deformation dtiring collapse (Andrews 

et al, 1983). There are seven collapse modes of extmded tubes that have been identified, 

they are concertina (Figure 1.1), diamond (Figure 1.2), Euler (Figure 1.3), 

concertina/diamond, axisymmetric concertina, 2-lobe diamond and lastly tilting of tube 

axis. There are four distinct regions in force-displacement curve for the accordion 

collapse mode: the elastic stage, the post-buckling stage, the crippling stage, and the deep 

collapse stage. A typical force-displacement curve for an accordion-like collapse mode is 

shown in Figure 1.4. 

In Figure 1.4, the elastic buckling load is represented by Point A, and Point B, the 

maximum crippling load, is the maximum load-carrying capacity of the extmded tube. 

The force corresponding to Point B is referred to as maximum peak force too. Being 

equal to the local buckling load, the axial stress is homogeneous around the cross section. 

Then, as the load is greater than Point A, lateral deformation of the buckled plate 

segments appear in the cross section; At the center of the buckled plate segments the 
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stress no longer increases while the comers is holding an growing proportion of the load. 

At Point B, the maximum peak force, plastic collapse happens at the comers, and the 

loads decreases as the first fold is formed. After completion of the first fold, at Point C, a 

second crippling load is reached at Point D with the load increasing. Followed by loading 

increasing from EXo F and G to H, the process repeats with folding from D to £ and F to 

G, until the folding happens at the end of the tube, or, until the kinetic energy of the 

striking mass has been consumed to zero in a dynamic loading condition (Krauss and 

Laananen, 1994). Figure 1.4 shows that the force oscillates about a mean load for the 

duration of the stroke after the maximum peak force is reached. The maximum peak 

force, Point B, is almost 2 times the subsequent peak forces.(Marshall and Nurick, 1998). 

1.2.2 Aluminum Tubes 

1.2.2.1 Application 

Aluminum extmded tubular stmctures have received increasing attention in new 

technology fields, such as electric automobiles. Specifically, aluminum is used 

extensively in space frame technology. This technology is projected to have the effect of 

conservation in fuel consumption of over 10%), weight saving of over 25%, and 

improvement in impact durability of 20% (Kim and Lee, 1999). Ftirthermore, aluminum 

has good corrosion resistance and can be recycled with an energy input to 5% of the 

energy needed to produce primary aluminum (Langseth et al, 1998). In the space frame 

technology, the materials sought are those that have high fracttire toughness for stmctural 

stability, high specific strength to save weight, and impact resistance to absorb the impact 

energy upon collision. Aluminum has demonstrated to posses most of these sought 

properties. This space frame technology grew out of the need of replacing steel with 

altiminum, in order to achieve low weight while no compromising the stmcttiral strength 

of the stmcture of a car body (Kim and Lee, 1998). 

In the space frame design of cars, aluminum members are always used as front 

and rear longitudinal parts. During a collision, occupants can obtain safety under the 

conditions of the front parts of vehicles absorbing maximum energy and the safety zones 

of occupants remaining stable. Therefore, the vehicle crashworthiness is partly 



determined by the characteristics of the axial cmshing of box colimms, such as aluminum 

tubes (Hong, Lee, and Song, 1998). So that the study of aluminum tubes is of practical 

importance. 

1.2.2.2 Impact deformation and Energy Absorption 

Generally, extmded aluminum tubes with tempers show different folding patterns, 

when exposed to axial loading. The tendency of formation of plastic folds operates as an 

important variable in the absorbed energy. Langseth et al. (1998) experimentally studied 

the effects of tempers on the energy absorption of extmded aluminum tubes. 

Experiments show that an initially straight tube can exhibit different deformation imder 

the different conditions. For the dynamic test, only symmetric deformation modes were 

found for the 2.5 mm thick specimens in temper T4, while either symmetric or a 

combination of symmetric and asynmietric modes were observed for the thinner 

specimen. Further more, the first lobe for temper T4 happened earlier at the impact end of 

the specimens or at the end of the clamped support. For temper T6, however the 

localization of the lobes always initiated at the impact end and there were symmetric, 

asymmetric and extended collapse modes happened during the cmshing. The extended 

deformation modes happened closely related to either the first lobe or the first and second 

lobes from the impact end (Langseth et al., 1998). 

Kim and Lee (1999) experimentally studied the impact energy absorption of 6061 

aluminum extmded tubes with different cross-sectional shapes. Tests were conducted on 

tube specimens whose shape, thickness/width (T/W) and thickness/diameter (T/D) ratios 

were different. With the increase of the T/W or T/D ratios to a certain extent, more 

symmetric folds tend to be formed, and thus specific impact absorption energy rises 

almost linearly. Under the same T/W ratio, the circular specimens show higher specific 

impact absorption energy than the rectangular ones (Figure 1.5). In this figure is should 

be noted though that at high T/W or T/D ratio, nearly constant specific impact absorption 

energy is obtained, irrespective of the cross-sectional shape. 

Kim and Lee (1998) further showed that the ntimber of plastic folds decreases as 

the thickness of the extmded tube increased, causing a severe bending. As a result, the 
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values of impact absorption energies per unit cross-sectional area were considerably lo\^ 

because the extmded tube can not be effective to absorb energ>'. To improxe the impact 

absorption energy per unit cross-sectional area, it is recommended to the thickness of 

extmded tube below 2.0 mm for the cross-section width in the present studv' to promote 

folding formation. 

1.2.2.3 Maximum Peak Force 

The maximum peak force (Point B in Figure 1.4) is an important characteristic of 

the force-displacement curve of collapsing energy absorbers. This peak force has been 

shown to be different for compressive experiments imder dynamic strain rate range (« 10 

1/s) and static strain rate range (« 10'̂  1/s) (Kim et al, 1998). Typical comparison 

between static and dynamic force-displacement curves is shown in Figure 1.6. The main 

difference is associated to the first part of the cmshing process where the dynamic force 

level is significantly higher. As strain rate effects are assumed to be minor importance, 

the observed difference has to be associated with inertia effects set up at the instant of 

impact due to the lateral movement of the sidewalls in folding process. 

The maximum peak force is expressed as a function of section geometry and 

material property by using dimensional analysis. The maximum peak force, of an 

isentropic rectangular tube, is determined by plate geometry, such as thickness, t, mean 

tube width, C, yield stress of the material, cry and initial imperfection. When initial 

imperfection is ignored, 

P^.=^^''^-^yE)- (1-1) 

Equation (1.1) can still be expressed as the non-dimensional term form 

P fc\ max 
n 

(1.2) 

With various value of n from 0.1 using increments of 0.1, Equation (1.1) has been 

investigated in order to determine K\ and n for the maximum cmshing load. Although K\ 

was sought by examining uniformity between Pmax and the experimental data, it was 

difficult to find K\ as a constant. Therefore, it can be tmspecified that the coefficient K\ is 

the function of non-dimensional factor j3 which is dependent on mean width C, plate 
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thickness /, yield stress of the material ay and elastic modulus E, which are expressed as 

bellow. 

The funcfion of j3 can be established as a cluster plotted result with n = 1.9 b\ plotting K\ 

vs p and comparing well Pmax with experimental values. Then the maximum crippling 

load coefficient K\ is 

A:, =0.2799/3"^^^^^ (1.4) 

and the maximum crippling load is obtain (Hong et al, 1998): 

P =02799 
•'max ^-^lyy 

(^ I'^y _ .0.1^1.9 

V / V E 
G y t ' ^ ' C ' . (1.5) 

1.2.3 Steel Tubes 

1.2.3.1 Cmshing of Square and Circular Tubes 

The steel thin-walled members with rectangular, circular cross-sections or top-hat 

or double-hat sections are widely used in automobile body stmctures as well as trains and 

buses because of their energy absorption characteristics. Abramowicz and Jones (1984) 

studied the dynamic axial cmshing of square tubes in experiment and theory. Based on 

the large amount of experiments, using two kind of square tubes in different length, they 

found that there existed one symmetric deformation and two asymmetric shapes. Further 

they identified these two shapes into two asymmetric models and one symmetric model. 

Figure 1.7 shows the symmetric collapse mode of a square box coltimns with their 

corresponding paper model. 

Equating the intemal energy absorption to the extemal work, they put forward 

some equations related to predict the mean static load, Pm, and effective cmshing 

distance. Otherwise they investigated the effects of material strain rate to the static cmsh 

aspects of the square tubes. The approximate quasi-static theoretical predictions for the 

mean axial crushing loads agreed reasonably well with the corresponding dynamic test 

results (Woldzimierz and Jones, 1984). Using the same experiment, they continuously 



studied the behavior of 2 in. circular tubes. These authors derived a modified version of 

Alexander's (Alexander. 1960) theoretical solution of axisymmetric deformation, which 

matched with the mean load of then- experimental static cmshing loads. 

1.2.3.2 Cmshing of Stiffened Square and Circular Tubes 

Birth and Jones (1990) studied the stiffened circular tubes which were wddeh 

used in various vehicles. The specimens were manufactured from commercial stmctural 

mild steel tubing (seam welded) having an outside diameter D 64 mm with four different 

stringers T, 4.48 mm, 7.68 mm, 14.72mm and 23.68 mm. They selected the stringer 

numbers 4, 8, and 12 welded inside or outside and carried these experiment on the main 

drop hammer rig with the constant mass 67.6 kg. Though 83 different experiment, they 

found that there existed a cmcial stiffener T/D ratio beyond it there was no improvement 

of the energy absorption capacity. In the experiment of the static crashing with tubes 

stiffened with four stringers, the peak force of the tube which the stringers were welded 

inside was higher than the stiffened tubes with the stringers outside. 

White and Jones (1999) experimentally studied the energy absorbing 

characteristics of top-hat and double-hat sections subjected to dynamic axial cmshing. 

Top-hat and double-hat sections are stiffened sections which are used widely in the 

automotive and transportation industries. A top-hat section, belonged to a charmel 

section, is so called because its cross section is similar to the shape of a top-hat except for 

it is closed by a plate, or there is another top hat in the case of a double-hat section. In 

order to evaluate the influence of geometrical configuration on the collapse performance 

of spot-welded top-hat and double-hat stmctures, they changed the size of the extemal 

flange and the length of the test specimen in their studies. A standard 60x60x1.2 mm 

thick top-hat specimen made from mild steel was used at four different lengths (500, 

333.33, 250 and 166.66) and at each length four different flange widths were examined. 

The double-hat specimens were tested dynamically with one specimen length 500 mm 

but having four different flange widths as same as top-hat experiment. A 150 kg top mass 

was used in the majority of the tests, with exception of some top-hat specimens stmck by 

masses of 100, 125, 172.5 and 199 kg. They found that the width of flange affected the 



stability of the cmshing process for the specimens with the same test conditions, top-hat 

and double-hat specimens with the largest flanges were more sensitive to Euler buckling 

than specimens with the smaller flanges. The other factor that affected the collapse mode 

was the length of the specimen. The longer the specimen, the easier the Euler buckling 

happened. In the shorter specimens, the "layers of lobs" were more frequently observed. 

Specimen length of the top-hat specimens was also an important factor in the cmshing 

performance with Ruler buckling occurring more frequently in the longest specimens 

(White and Jones, 1999). 

1.3 Effecting Energy Absorptions 

1.3.1 Introduction 

Imperfections are not included in any stmcture design. The design of a stmcture 

involves the idealization, conceming the geometry, the material, and the process to be 

followed, of what should be built or constmcted (Godoy, 1996). This stmcture is called 

the "as-designed" or "perfect" stmcture if it is defined in this way. 

However, indentations are always introduced to the dynamic stmcture designs. 

Typically, the ultimate peak force will be decreased if indentations are used. It has been 

reported that the depth of the indentation can be used to scale the maximum peak force, 

and also reported that the shape of the indentations and position of subsequent 

indentations affect the cmshing mode (Marshall and Nurick, 1998). 

In this section, some important roles of imperfections and initiators are 

introduced. 

1.3.2 Imperfections 

The maximum peak force can be controlled by adjusting the severity of the 

imperfection. Langseth et al (1998) had studied the crash behavior of thin-walled 

aluminum members. When introducing initial geometrical imperfections by static pre-

buckling prior to dynamic testing, a constant ratio between the dynamic and static mean 

loads was fotmd and the mean load ratio was reduced compared with the ratio for an 

initially straight tube. A ratio curve between dynamic and static mean loads versus loads 



displacement is shown in Figure 1.8. From this figtire it can be noted that an increased 

force level at the beginning of the impact compared to a static test has been reduced to a 

decaying ratio as to introduced imperfection, measured dynamic and static mean loads 

with respect to the axial displacement. 

Langseth and co-workers (1999) observed that even if the magnitude of the out-

of-flatness of the specimen's sidewalls was measured to be small, the effect of 

imperfections was found both on the initial peak load and on the mean load. However, 

due to the random distribution of these initial imperfections, a trigger, chosen as a single 

cosine half-wave, was used to initiate the symmetric deformation mode. Two trigger 

positions were evaluated, one at the center of the first buckle that was visible in the test 

and the other 30 mm from the top. 

1.3.3 Effects of Initiators 

Marshall and Nurick (1998) studied the effect of initiators on the formation of the 

first lobe of symmetric progressive buckling of thin-walled square tubes. For the tubes 

considered herein the ultimate buckling load decreased linearly as the diameter of the 

hole increased. This would indicate that to satisfy an ultimate buckling load of 35 kN, a 

hole approximately 45 mm in diameter was required. However, for the holes greater than 

32 mm the edges inter link and the tube tears happened instead of folds. It was shown that 

holes smaller than 10.5 mm did not decrease the ultimate buckling load of the tubes. The 

diameter of hole appeared to also affect the formation of the first lobe. An increase in the 

diameter of the hole caused a decrease in the size the first lobe. This latter decrease 

resulted in skew lobes that destabilize the buckling mode. 

Krauss and Laananen (1994) ntimerically studied cmsh initiators for a thin-walled 

tube. For the diamond notch and circular hole cmsh initiators, the initial peak load was 

reduced as the size of the initiator increased, but the kinetic energy absorbed was also 

reduced. Large initiators were extensively studied by Kormi et al (1993). The size of a 

circular initiators had a great influence on the maximum load carrying capacity of the 

structure. The height of the rectangular portion of the initiator made little difference to 

the maximum load carrying capacity of the stmcture. 
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Lee et al (1999) numerically and experimentally studied the effect of triggering 

on energy absorption capacity of axially compressed altmiintim tubes. The energy 

absorption characteristics and deformation morphology were analyzed based on the 

number, shape, and location of triggering dents (Figure 1.9). When dents were introduced 

at the pitch corresponding to the length of the folding wave, precisely estimated by the 

computer-simulated test, the overall safety is enhanced over the case without dents due to 

the effective energy absorption and the reduction of maximum compressive-repulsive 

force. Typical force-displacement curves of these initiators are shown in Figiu-e 1.10. 

Abah et al. (1998) experimentally studied the effects of initiators on static and 

dynamic behavior of square aluminum extmsions. The same tubes as those used in static 

were tested. An interest was taken in the drop of the first peak and in the energ}' 

absorption ability of the tube. The first peak was reduced by 50%) for openings radius R = 

10 mm, while the mean load was also maintained, as in static case, for a cmshing 

distance over 2H. In some cases the deformation mode became either symmetric or 

asymmetric and symmetric. The crack appearance did not have any effect on the tube 

energy absorption ability. Quasi-static (strain rate = 10 1/s) and dynamic (strain rate = 

10 1/s) tests results of aluminum extmsion tubes showed that the introduction of initiator 

permitted the diminution of the first peak load obtained during the cmshing process. It 

seemed that during an impact the deceleration due to this peak could be reduced, keeping 

the energy absorption ability of the tube. 

1.4 Crashworthiness 

1.4.1 Introduction 

Ambrosio et al. (1997) present a comprehensive review of the ctirrent issues and 

future trends of crashworthiness of transportation systems. The crashworthiness of 

transportation system involves basically two major areas: the stmcture behavior of the 

vehicle and its components; the occupant kinematics and injury biomechanics. Passive 

crash protection systems are demanded in all vehicles and moving parts such as road 

vehicles, railways coaches, aircraft, ships, lifts and machinery. The aim of this system is 

to have mechanical devices that can absorb or dissipate kinetic or impact energ} 



irreversibly in order to minimize injury to people and/or limit damage to property (Nahas, 

1993). 

Based on these two points, some recent developments of crashworthiness in 

automobiles, aircrafts and train cars are introduced. 

1.4.2 Automobiles 

1.4.2.1 Computer Simulation 

Schweizerhof et al (1992) introduced computer simulation aspects of 

crashworthiness in automotive industry. First of all, finite element methods and simple 

models changing the analysis of car stmctures are the base of this new simulation 

technology. Second, some kinds of elements are needed, such as 3D solid elements for 

the engine and other huge parts, 3D shell elements for the car body and girders etc., beam 

elements for steering wheels and steering coltimn and rigid body components for the 

parts almost without flexibility or deflection. 

In the full car analysis, Schweizerhof e/ al. (1992) thought that it can present the 

hole crashworthiness behaviors of the automotive stmcture, because the full model of 

assembled vehicle consists of most parts arbitrarily cormected and when the impact 

happens, the simulation technology makes the stmctural parts interact heavily with the 

surrotmding parts. In the model, girders are needed to mesh finer in order to reflect the 

data more accurately as they absorb the great part of the energy or heavily distort. The 

experiment has shovm that the result of the simulation is compatible with the field test. 

Figure 1.11 is an example of two cars models experiencing the frontal impact. 

The ultimate goal of crashworthiness is occupant safety, so simulating passenger-

stmcture interaction, e.g., passenger-steering wheel system and passenger-airbag system 

is the main topic in computer simulation, which is concemed with the absorption of 

energy by the steering colimm and airbag. Through the simulation, the steering wheel and 

its motmting system, the airbag and its mounting system can be carefully checked and 

improved by the designers and the occupants can get safer environment. 

Haug et al. (1998) provide an exhaustive review of recent trends and advances in 

crash simulation and design of vehicles. The beneficial industrial use of crash simulation 
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package depends not only on the effectiveness the numerical solver code, but to a large 

extent also on the quality, effectiveness and user-friendliness of the associated pre- and 

post-processing modules. 

1.4.2.2 Design 

Rakheja et al (1999) studied an energy dissipative under-ride guard for 

enhancement of crashworthiness in a car-tmck collision. The analysis was performed for 

different angles of impact and coefficients of friction between the automobile bumper and 

the under-rid guard. A simplified analysis model of the under-ride guard and the car body 

impacting at an angle (|)o was developed to evaluate the relative performance potentials of 

the proposed energy dissipating guard. The results of the study revealed that the impact 

angle and the friction properties of the contacting surfaces played an important role in 

the performance measures of the guard in a nonlinear manner. It was also fotmd that the 

kinetic energy under a direct impact was dissipated by the proposed damped guard up to 

80%) , while the highest intmsion and acceleration response of the car mass happened 

because of a direct impact. Impacting angles up to 17° resulted in gradual reduction of 

all the performance variables. By summarizing the results of the study, the severity of a 

crash involving an automobile and a heavy vehicle could be considerably deduced by the 

proposed guard as to: (1) restraining the degree of intmsion; and (2) dissipating the 

portion of the crash energy through the damper (Rakheja et al, 1999). 

Dias and Pereira (1994) proposed using multi-body dynamic in vehicle 

crashworthiness design. The use of the methodology was demonstrated by some 

examples, where plastic deformations of the vehicle stmcttire during the impact were 

modeled by a concept of plastic hinge. Within the stmcture of mathematical 

programming methods involving an efficient dynamic analysis capability had 

methodology been developed where rigid bodies connected by plastic hinges modeled a 

vehicle structure to modulate large structural deformation. 

Syrowlk et al (1996) studied the material polyurethane foam and found that this 

material could improve vehicle crashworthiness because of the property of energy 

absorption. The peak vehicle deceleration rates could be reduced by the energy miming 
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system containing polyurethane foam, while smoothing the vehicle's crash signature, 

quicker reduction in vehicle velocity, more effective use of the available cmsh zone and 

lowering vehicle displacement were also the effective methods to improve vehicle 

crashworthiness. The occupant safety is associated directl}' with these improvements 

through reducing occupant velocity relafive to the vehicle or earlier impact detection for 

air bag operation. 

1.4.3 Aircrafts 

Kindervater (1997) summarized the recent development in aeronautics of 

stmctural design and the requirements for better crash protection. The energy absorbing 

capacity of cmshing stmctural parts was related to crash resistance that limited 

deceleration forces to the occupants, and a protective shell around the occupants was 

demanded to provide crash resistance to prevent occupant injury. Crash resistance might 

be more focused in detail of design aspects on the airframe and airframe substmcture. For 

the use of high performance composite materials, specific design philosophy and 

concepts were required because of possessing the brittle nature and high energy 

absorption capacity. With specific design philosophy and concepts, it was required that 

there were new analytical methods and simulation tools. Based on finite element analysis, 

a hybrid simulation technique and crash codes would be developed and formed crash 

analysis tools. Full scale composite airframes would be studied in hybrid modeling and 

simulation case and FEA crash code case studies would play an important role both in 

composite airframe section and metal one. 

In rotorcrafts, sub-floor stmcttires were the focus of the study for improving crash 

performance. Both topology and member resizing problems were studied, where the 

former was constrained to the placement of energy absorbing elements in the sub-floor 

region. Through introducing the back propagation network (BP), the topological 

optimization was successfully used in the design of sub-floor stmctures in single and 

multi-criterion optimization problems. A genetic algorithm-based optimization process 

was used to account for possible nonconvexities in the design space, and to accommodate 

the discrete nature of the design space (Hajela and Lee, 1997). 
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Hayduk and Thomson (1995) compared three nonlinear program, KRASH, 

ACTION and DYCAST in analyzing the dynamic response of a twin-engine, low-wing 

airplane section subjected to a 8.38 m/s vertical impact velocity crash condition. Through 

comparing with a vertical drop test experiment performed at the NASA, Better results for 

the occupant pelvic vertical accelerations were given by KRASH through simulating a 

double-peak response similar to that exhibited by the experimental data. KRASH was 

able to present significantly better results than ACTION or DYCAST for the floor 

inboard accelerations. A sample DYCAST fuselage, seat, and occupant model is shown 

in Figure 1.12. 

1.4.4 Railway Cars 

The emphasis was transformed to energy absorption in zones considered to 

collapse at deceleration rates which passengers were able to endure. Strength standards 

for passenger coaches were defined in terms of resistance to deflection by static loads. A 

criterion in which all interfaces between coaches shared a part of the energy absorbing 

process was developed with multiple-tmit trains. Each coach was a key feature of this 

strategy. To make this possible, the gap between adjacent coach bodies might be critical 

and of such a size that the time taken in a collision for this gap to close was equal to the 

time taken for cmshing and energy absorption took place at the interface immediately in 

front. So that a succession of impacts substituted for a single collision, each absorbing the 

kinetic energy of a single coach rather than the total energy of the whole rake (Smith, 

1995). 

A railway vehicle is basically a tubular stmcture or, more precisely a self 

supported box beam with several openings in the webs. Ambrosio and Pereia (1997) used 

successfully multi-body dynamics to study crashworthiness of coaches in computer 

simulation. The coach was modeled as an assemblage of either rigid bodies or flexible 

members incorporating material and geometric nonlinear effects. During the contact 

period, the end tmder-frame of the car-body dissipates all the kinetic energy of the train 

by deformation. The ultimate force obtained with the analysis is about 120 ton. In the 

experimental test which was carried out with this train car-body, the maximum load 

carried by each buffer of the vehicle was measured to be 120 ton too. 
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1.5 Obiectives 

The objective of this study was to investigate the effect of five parameters on the 

energy absorption of extmded tubes. The five parameters considered were: imperfection 

location, cross-section, impact velocity, cutout size, cutout location, and impact mass 

size. 

1.6 Scope of Work 

In this research five distinct studies were carried out as shown in Appendix B. 

They included the effects of imperfection locafion, cross-section, kinetic energy, initiator 

size, and lastly, initiator location on the energy absorption. 

In the first study the imperfection was located at the 30 mm, 155 mm. and 280 

mm from the top edge of extmded tube, respectively. In the second study, extmded tubes 

with circular, hexagonal, square, elliptical, and triangular cross-sections were 

investigated. In the third study, the effect of kinetic energy on the energy absorption of 

the extruded tubes was investigated. In the circular, hexagonal, square, elliptical, and 

triangular extmded tubes, the kinetic energy variation was effected by initial velocities of 

15.6 m/s, 10.6 m/s, and 5.06 m/s. In the square extmded tubes, the kinetic energy 

variation was also effected by impact masses of 10 kg, 25 kg, and 50 kg. In the fourth 

study, circular and diamond shaped initiators in extmded triangular tubes were 

investigated. The reduced area ratios of 2.5%, 5%, 10%, 15%, 20%, 25%, 30%, and 35% 

were studied for each of initiator shape. Last but not least, in the fifth study, circular and 

diamond shaped initiator were each located at 40 mm. 155 mm, and 270 nmi from the top 

edge of the extmded triangular tube. 
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Figure 1.2. Diamond Collapse Mode. 
(Jones, 1989) 
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(a) Paper nodel. 

Figure 1.7. Symmetric collapse mode of square box columns. 
(Abramowicz and Jones, 1984) 
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Figure 1.9. Full-dent and Half-Dent Initiators in Extruded Tube Specimen 
{Leeetal, 1999) 
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CFL\PTER 2 

LS-DYNA 

2.1 Introduction 

LS-DYNA is a general-purpose, explicit finite element program used to analyze 

the nonlinear dynamic response of three-dimensional structures. Its fully automated 

contact analysis capability and error-checking features have enabled users worldwide to 

solve successfully many complex problems. 

FEMB is a finite element pre- and post-processor for use with LS-DYNA and 

CAD soft ware. Developed in the mid 1980's by Engineering Technology Associates, 

Inc., FEMB has been specifically designed to reduce cost by increasing the engineer's 

productivity. 

2.2 Pre-Processor 

Dynamic Analysis as applied to FEA involves loads and corresponding response 

states that vary with time. The building block of all dynamic analysis is the model 

analysis (Adams and Askenazi, 1999). FEMB (finite element model builders) is the tool 

to prepare models for LS-DYNA to analyze. FEMB's robust CAD interface allows the 

input of CAD data from virtually any design software package. Once the data has been 

received, FEMB has the ability to manipulate both line and surface data quickly and 

easily. If CAD data is not available, FEMB's many Geometry Builder functions allow the 

user to create complex lines, splines and surfaces. 

FEMB improves productivity by greatly reducing the time required to create the 

finite element model. Engineers build finite element models more quickly and easily with 

FEMB than with any other program. FEMB provides users with many powerfial 

commands to complete each of their tasks. In addition to offering the instant 

"AUTOMESHING" of surface, FEMB offers various line meshing techniques without 

the need for common end points or intersection between lines. Figure 2.1 shows FEMB 

meshed model of the extruded triangular tube. 
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2.3 Nonlinear Dynamic Analysis 

Nonlinear properties are exhibited in several ways, namely, material, geometric, 

and boundary nonlinearity. Material nonlinear occurs when the stress exceeds the 

material's yield stress. In this case, after still more load application, the material yields 

and fi-actures (MacNeal-Schwendler Corp, 1994). Many of the materials are histor} 

dependent: the material's response at any time depends on what has happened to it at 

previous times. Thus, the solution must be obtained by following the actual loading 

sequence (Hibbitt, Karlsson & Sorensen, Inc., 1999). 

Geometric nonlinearity primarily refers to stiffness changes that are independent 

of material properties. These stiffness changes can be related to geometry constrains and/ 

or the magnitude of strains (Adams and Askenazi, 1999). In other words. Geometric 

nonlinear occurs when the structural stiffness depends on the induced stresses and 

deformed shape (MacNeal-Schwendler Corp, 1994). When contact happens between a 

structure and another object or with itself during load application and deformation, 

boundary nonlinear is needed (MacNeal-Schwendler Corp, 1994). There are two common 

occurrences of boundary nonlinearity: contact and following forces. 

LS-DYNA is a general purpose finite element code for analyzing the large 

deformation dynamic response of structures including structures coupled to fluid. The 

main solution methodology is based on explicit time integration (Livermore Software 

Technology Corp., 1999). It provides a numerical solution of the continuum equations in 

Lagrangian coordinates using an adiabatic approximation. The continuum equations are 

solved by using a finite element treatment for the spatial derivatives and an explicit, 

centered time equation. The solution method uses an element-by-element technique so 

that matrix inversion is not necessary (Schauer et al, 1996). 

There are two boundary conditions in LS-DYNA3D: applied loads and prescribed 

nodal velocities, accelerations, or constraint conditions. Load curves that may be selected 

when boundary conditions are read into all processors. Pressure loads are applied to 

element faces and are interpolated to evaluate nodal force contributions. Nodal 

constrains, such as tied nodes, illustrate the other boundary conditions, which define a 

set of nodes having a common constrained degree of freedom (Schauer et al. 1996). 
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The treatment of sliding and impact along interface has always been an important 

capacity in the LS-DYNA3D codes. Three distinct methods for handling this have been 

implemented that refer to as the kinematical constraint method, the penalty method and 

the distributed parameter method (Livermore Software Technology Corp, Theoretical 

1999c). Figure 2.2 shows Maximum von Mises Stress in extruded triangular tube. 

2.4 Post-Processing 

Post-Processor consist of PostGL 1.0 and PostGL/Graph 1.0 for the PC. PostGL 

provides a fast and friendly way to view LS-DYNA3D results. Unlike its predecessor, 

PC-FEMB, PostGL uses OpenGL for its 3D graphics. With its seamless integration into 

the Window's environment, showing results is a snap. Imagine data can be easily 

transferred from PostGL to your favorite word processor or spreadsheet for report 

writing. In addition, the AVI technology is embedded in PostGL allows production of 

high quality movie files for others to view (Livermore Software Technology Corporation, 

1999b). 

As an effective data processing tool for time domain data, PostGL/Graph 

represents time domain data as a curve in X-Y coordinates curve window. With the rich 

curve manipulation functions from PostGL/Graph, data representation is flexible and 

visually perceptive. The 2D data representation allows for easier engineering analysis 

(Livermore Software Technology Corporation, 1999b). Figure 2.3 shows the force 

versus time of extruded triangular tube. 
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Figure 2.1: FEMB Mesh of Triangular Extruded Tube Model. 
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Figure 2.2: Maximum von Mises Stress in extruded triangular tube. 
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CHAPTER 3 

FEA FORMULATION 

3.1 Introduction 

In this chapter the problem formulafion in terms of FEA will be presented. The 

model formulation, and analysis studies will be outlined. 

3.2 Model Formulation 

The purpose to build these models is to simulate the working condition of the test 

rig installed in The Norwegian University of Science and Technology, which is used to 

carry on the impact test. Just as shown in the Figure 3.1. The objective to carry on the 

numerical validation is to research the effects of every kind of conditions to the numerical 

results and try to make the numerical results reach to the experimental ones. 

3.2.1 Geometry 

In this research five tubular cross-sections were studied, namely, square, circular, 

ellipse, hexagon and triangular. All these extruded tubes had a length of 310 mm and a 

thickness of 2.5mm. The square extruded tube had the dimensions 80 x 80 x 310 mm. 

These dimension were the same used by Langseth and Hopperstad (1996) during their 

extensive experimental study on aluminum AA6060 square extrusions. This former study 

was selected for comparison ptirposes only. 

In order to facilitate the energy absorption of extruded tubes with differing cross-

sections, the volume of the tubes was made the same. Since the length of the tubes was 

constant, the geometric quantity that was used in enstiring the constant volume was the 

perimeter. Thus all the tubes had the same perimeter. For example the square extruded 

tubes had the side length of 80 mm yielding a perimeter of 320 mm, while the elliptical 

extruded tubes had the minor diameter of 64.6 mm, major diameter of 129.2 mm also 

yielding a perimeter of 320 mm. Specifically, the perimeter of the elliptical extruded tube 

is given by 2;i[(64.6^ + 129.2 )̂/8]'̂ ^ = 320 mm. 
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In order to deduce the formation of the first buckle, the imperfection is added at 

the top, low end (clamped end) and middle part in circular extruded tubes and square 

extruded tubes. The imperfection is a pre-deformed buckle around the perimeter of the 

specimen. The buckles move outwards 0.03 mm. Figure 3.4 shows the imperfection used 

in this study for the case of the extruded triangular tube. There were two kind of initiators 

(cutouts) used in this study for the extruded triangular tube, namely, circular initiator and 

diamond initiator. Figures 3.5 and 3.6 show a location of the circular and diamond 

initiator, respectively. 

In the computer simulation, there are two parts consisted of the model. The part 

extrusion has been mentioned above. The other part is a block, simulating the projectile 

of the test rig. The total weight of projectile is 55.92 kg. The study still select this weight 

as the block weight and considering the convenience of the simulation, the block 

dimension is 140x140x60 mm. One of the models is shown in the Figure 3.2. 

3.2.2 Element and Property 

The models of extrusions are meshed using the Belytschko-Lin-Tsay shell 

element with nine integration points through thickness. Langseth et. al. (1999) used the 

element size 3x3 in the numerical analysis, and Krauss and Laananen (1994) thought that 

the element size 5x5 is enough to produce optimum results for an extrusion with no 

initiator. In order to determine the element size, two kinds of element sizes , 5x5 and 3x3 

mm, are compared. The results show that although 3x3 element can give more accurate 

results than the element 5x5's compared with the test results, the 3x3 element needs 

nearly 4 times time to run. Considering the numerical results are relatively correct and 

time consuming is not necessary, the study uses the element size 5x5. The part block uses 

the solid mesh. 

3.2.3 Material 

Due to the non-linear stress-strain curve of altmiintim, a proper description of the 

strain hardening properties of the material is necessary for a good correlation between the 

measured and predicted response of the aluminum extrusions during the axial loading. 
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The uniaxial true stress-strain behavior of the material was fitted to the five-parameter 

model: 

/ = 1 ; = 1 

R,=aQ,[\-cxp(-C,e^)], (3.1) 

X,={\-a)Q,[\-txp(-C,s^,]. 

For aluminum AA6060 T4, the hardening parameter a was found to be 0.7. 

Hence, the material tested shows 70% isotropic hardening and 30% kinetic hardening. 

Figure 3.3 shows the typical engineering stress-strain curve, non-linear stress-strain curve 

using the five-parameter model and relative parameters. In the study, all models use the 

five-parameter model. 

There are at least two materials model can be used in the extrusion models in LS-

DYNA3D, type 24 "mat-piecewise-linear-plasticity" and type 3 "mat-plastic-kinematic". 

The numerical analysis shows that the material model type 3 seems ''softer'" than the 

practical aluminum and type 24 gives the more reasonable results than type 3's in this 

study. 

3.2.4 Interface and Botmdary 

The study found that there may exist beyond one interface that can make the 

model run if combined different botmdary conditions. Through studying the crush model, 

the interface "node to surface" is more reasonable than other's in this extrusion model 

under the impact. Between the extrusion and block, the coefficient of friction is input. 

The boundary condition includes the initial velocity and constraints. The initial 

velocity is put into the every node of block. In order to simulate the projectile's 

movement, the constraint condition, restricting the rotation and movement in X and Y 

direction, is given to the block. At the end of the extrusion, all nodes are constrained in 

all degree of freedom to simulate the clamped condition. 

Just as shown in the Figure 3.1, the extrusion that is being tested is clamped at the 

low end and free at the upper end. In the numerical model, the low end nodes are 

constrained in all degree of freedom using SPC. In order to let the upper end (impact end) 
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deform stably, the bigger fiiction coefficient must be added. The numerical analysis 

adjusts 1.0 as the friction coefficient between the specimen and the block. Still see in the 

Figure 3.1, the projecfile impacts the extrusion in the direction parallel to the axle of the 

specimen. In the numerical model, only one direction movement, z direction, is allowed 

for the block to ensure this condition. 

3.3 Analysis Studies 

In this research five distinct studies were carried out. They included the effects of 

imperfection location, cross-section, kinetic energy, initiator size, and lastly, initiator 

location on the energy absorption. The total number of numerical experiments that where 

conducted are tabulated in Appendix A and the five studies a listed in Appendix B. 

In the first study the imperfection was located at the 30 mm, 155 mm, and 280 

mm from the top edge of extruded tube, respectively. In the second study, extruded tubes 

with circular, hexagonal, square, elliptical, and triangular cross-sections were 

investigated. In the third study, the effect of kinetic energy on the energy absorption of 

the extruded tubes was investigated. In the circular, hexagonal, square, elliptical, and 

triangular extruded tubes, the kinetic energy variation was effected by initial velocities of 

15.6 m/s, 10.6 m/s, and 5.06 m/s. In the square extruded tubes, the kinetic energy 

variation was also effected by impact masses of 10 kg, 25 kg, and 50 kg. In the fourth 

study, circular and diamond shaped initiators in extruded triangular tubes were 

investigated. The reduced area ratios of 2.5%, 5%, 10%, 15%, 20%, 25%), 30%, and 35% 

were studied for each of initiator shape. Last but not least, in the fifth study, circular and 

diamond shaped initiator were each located at 40 mm, 155 mm, and 270 mm from the top 

edge of the extruded triangular tube. 
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Figure 3.5: Circular Initiator Location for Triangular Extruded Tube. 
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Figure 3.6: Diamond Initiator Location for Triangular Extruded Tube. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Introduction 

The results of the five studies outlined in the previous section are presented in this 

chapter. The results and discussions pertain to the effects of imperfection location, cross-

section, kinetic energy, initiator size, and lastly, initiator location on the energy 

absorption. In this research, the results obtained from LS-DYNA included force-time and 

displacement-time date. From these two data, the force-displacement data was then 

extracted. For example, for the circular extruded tube with the imperfection located at 30 

mm, impact mass of 55.92 kg, and impact velocity of 15.6 m/s, the displacement-time, 

force-time, and the corresponding force-displacement curves are shown in Figure 4.1. In 

this study only force-displacement curves were used to analyze the results. 

4.2 Effect of Imperfection Location on Energy Absorption 

Figure 4.2 shows the force-displacement curves for the extruded square tube. It is 

seen from this figure that locating the imperfection at 30 mm or 155 mm has little impact 

on the deformation pattern. On the other hand, location the imperfection at 280 mm leads 

to a change in the deformation pattern. For the 30 mm and 155 mm locations, oscillations 

with a long period related to the folding process were observed. For the 280 mm location, 

a high frequency content oscillations were observed, possibly due to elastic stress waves 

(Langseth and Hopperstad, 1996). It is also noted that imperfection located at 280 mm 

lead to higher energy absorption efficiency. 

The force-displacement curves for the extruded circular tubes are similar for the 

imperfection locations of 30 mm, 155 mm, and 280 mm (Figure 4.3). For all the three 

locations of the imperfection, dominantly long period oscillations were observed and the 

energy absorption efficiency remained similar. From the folding pattern in Figure 4.2 and 

4.3, it can be deduced that the square extruded tubes asymmetric folds were formed while 

in the circular extruded tubes symmetric fold were formed (Kim and Lee, 1999). 
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Figure 4.4 shows the initial lobe formation in a square extruded tube with the 

imperfecfion at 30 mm. For the imperfection location of 30 mm, the initial lobe formation 

starts at the top portion of the tube followed by the bottom. While at the middle portion of 

the tube there is no visible lobe formation. With the imperfection at 155 mm, the 

behavior is unchanged. On the contrary, the imperfection location at 280 mm, the initial 

lobe formation is at the bottom portion of the tube. Because of the lobe formation pattern, 

one can observe that the upper and lower portions of the tube are more susceptible to fold 

formations compared to the mid section of the tube. This result is consistent with what 

other researchers observed in experimental work (Langseth and Hopper, 1996). 

Figure 4.5 shows the initial lobe formation for a circular extruded tube with the 

imperfection located at 30 mm. Similar fold formation characteristics were observed in 

this case as those in Figure 4.4. 

When the first fold is forming, the tube reaches to the maximum load-carrying 

capacity, which represents the first peak. Point A in the Fig 4.1c. Point A is referred to as 

the maximum peak force (Marshall and Nurick, 1998). The load drops as the first lobe is 

being developed. After the completion of the first lobe, the force reduces to the first 

lowest point B. The further deformation causes the load to increase until the next peak is 

formed with the formation of the second lobe. The second peak, Point C, is called the 

peak force (Marshall and Nurick, 1998) or crippling load (Krauss and Laananen, 1994) 

(Fig 4.1c). The process repeats with the folding the third, forth, and fifth lobe until the 

kinetic energy of the striking mass has been reduced to zero. 

4.3 Effect of Cross-section on Energy Absorption 

Figures 4.6, 4.7, and 4.8 compare the force-displacement curves for circular, 

hexagonal, square, elliptical, and triangular extruded tubes for a constant impact mass of 

55.92 kg, and an initial velocity, vo, of 15.6 m/s, 10.6 m/s, and 5.06 m/s. In Figure 4.6 it 

can be seen that the triangular extruded tubes possess the lowest crushing force, which 

translates into a low energy absorption efficiency. On the other hand, the circular and 

hexagonal extruded tubes depict a higher efficiency of energy absorpfion. It is also 
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observed that the hexagonal extruded tubes yielded the highest peak force. This trend is 

also shown in Figures 4.7 and 4.8. 

As noted by Kim and Lee (1999) that two important factors that have to be 

considered in the safety evaluation are maximum crushing force and maximum energy 

absorption efficiency. The former represents resistive force affecting occupants or body 

frames upon impact. The lower the crushing force, the safer it is for the occupants. This 

study has shown that the triangular tubes have the lowest crushing force compared with 

other kinds of extruded tubes studied in this research. This suggests that triangular tubes 

could be substituted for other cross-section tubes in the environments requiring the frame 

to deform at low crushing force resulting in a safer environment for occupants. 

While studying the von Mises stresses distributions during the crushing of the 

triangular tube, it was observed that the comers of the cross-section, at the position of the 

lobe formation, there existed stress concentrations. This was different from the circular 

cross-section where the stresses were evenly distributed along the whole cross-sections. 

The stress concentrations in comers in the triangular cross section may be responsible for 

its low crushing force. 

4.4 Effect of Initial Velocity and Mass on Energy Absorption 

Figures 4.9 through 4.13 show the load-displacement curves for various cross-

sections for the imperfection at 30 mm, the impact mass of 55.92 kg, and the impact 

velocities of 5.06 m/s, 10.6 m/s, and 15.6 m/s. It should be noted that increasing the 

velocity of the impact mass results in an increase in the kinetic energy of the impact 

mass. 

From Figure 4.9, for the square extruded tubes, it is observed that increasing the 

impact velocity increases the peak force. An increased peak force implies an increased 

mean load with rising impact velocity (Langseth et al, 1999). It is also further noted that 

increasing the impact velocity lead to an increased deformation. The deformation mode is 

seen to remain unchanged. 

The Force-displacement curves for the circular, elliptical, and triangular extruded 

tubes are shown in Figures 4.10, 4.11, and 4.12, respectively. It is observed that 
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increasing the impact velocity increases the peak force and deformation. With increasing 

impact velocity, the deformation mode remains imchanged. The behavior of the 

hexagonal extruded tube (Figure 4.13) is similar to the discussed extruded tubes, with the 

exception that the deformation modes changes with increasing impact velocity. 

Figures 4.14 shows the load-displacement curves for the square extruded tubes for 

the imperfecfion at 30 mm, the impact velocity of 15.6 m/s , and the impact mass of 10 

kg, 25 kg, and 50 kg. In this case also, increasing the mass translates into an increase in 

the kinetic energy of the impact mass. It is observed that increasing the impact velocit}' 

increases deformation. The peak force is noted to be slightly affected by increasing the 

impact velocity. These results are similar to those obtained by other researchers 

(Langseth era/., 1999). 

4.5 Effect of Initiator Size on Energy Absorption 

Figure 4.15 shows the force-deformation curves for a triangular extruded tube for 

impact mass 55.92 kg, impact velocity of 15.6 m/s, and varying circular initiator sizes of 

2.5%, 5.0%), 10.0%, 20.0%, 30.0%, and 35.0%. Increasing the initiator size lead to the 

reduction of the peak force while slightly increasing the maximum force during the crush 

process. The peak force and maximum force during the crushing process are related 

through the constant kinetic energy. This means that diu-ing an impact the deceleration 

due to the peak force can be reduced, while keeping the energy absorption ability of the 

tube (Abah et al, 1998). Also it is observed that increasing the circular initiator size, the 

deformation of the tube increased. With increasing initiator size, the deformation mode 

remains essential unchanged. At Ax = 35.0%, the peak force reduced to the maximum 

force, this resulted into a more uniform crush behavior (Krauss and Laananen, 1994). 

Thus Ax = 35.0%) results into the best energy absorpfion characteristics. 

The diamond initiator (Figure 4.16) showed similar trends as outlined above for 

the case of the circular initiator (Figure 4.15). Using the Figtires 4.17, 4.18, 4.19, it is 

noted that the deformation modes of the circular and diamond initiators are the same. 

From these three figures it is also observed that the circular initiator results into more 

deformation of the triangular extruded tube. This may lead to a conclusion that the 
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circular initiator reduces more the energy absorption efficienc> as compared to the 

diamond initiator. 

4.6 Effect of Initiator Location on Energy Absorption 

Figures 4.20, 4.21, and 4.22 show the force-displacement curves of the circular 

and diamond initiators of A^ = 35.0% located at various points of the length of the 

triangular extruded tubes. From Figures 4.20 and 4.21. locating the initiator at 155 mm 

from 40 mm changes the deformation mode. Additionally, the deformation increases, 

while the last crippling force increases drastically. 

This high terminal "crippling force" may be attributed to the fact that locating the 

initiator at 155 mm, there are not enough significant folds formed due to the low crushing 

force. Consequently, since the mass still has kinetic energy to be dissipated, and the tube 

can not be crushed much more, this creates the drastic increase in the "crippling force." 

This phenomenon was also observed by other researchers working on square extruded 

tubes (Langseth et al, 1999). 

Locating the initiator at 270 mm yielded a high terminal "crippling force" 

(Figure 4.22). This is caused by two reasons. The first reason is as cited above for the 

Figures 4.20 and 4.21. The second reason my be due to numerical artifact, as seen in the 

high oscillations that can may not be attributable to lobe formations. This result concurs 

with the observations made by Krauss and Laananen (1994) that the initiators may have 

to be located a distance from the impact end approximately equal to one half the width of 

a single side of the cross-section (i.e., 40 mm incase of the triangular extruded tube). 
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Figure 4.1: Transformed Curves, (a) Displacement versus Time, (b) Force versus Time, 
(c) Force-Displacement. 
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Figure 4.2: Effect of Imperfection Locations (Square Tubes). 
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Figure 4.3: Effect of Imperfection Locations (Circular Tubes). 
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Figure 4.6: Effect of Cross-Section for VQ = 15.6 m/s. (a) Ellipse, Hexagon, Square, (b) 
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Figure 4.9 : Effect ofVelocity (Square Extrusion) 
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Figure 4.11: Effect ofVelocity (Ellipse Extrusion) 
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Figure 4.12 : Effect ofVelocity (Triangle Extrusion) 
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Figure 4.16: Effect of Diamond Initiators, (a) 2.5%, 5.0%, 10.0%, (b) 20.0%, 30.0%, 
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Figure 4.18: Difference of Two Initiators (AT = 10.0%)) 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

A set of conclusions that can be derived from this research. These include: 

1. The upper and lower portions of the tube are more susceptible to fold formations 

compared to the mid section of the tube. 

2. The triangular extruded tubes possess the lowest crushing force, which translates into 

a low energy absorption efficiency. On the other hand. The circular and hexagonal 

extruded tubes possess a high crushing force, which translates into a high energ> 

absorption efficiency. It is also observed that the hexagonal extruded tubes yielded 

the highest peak force. 

3. It is observed that increasing the kinetic energy of the impact mass increases the peak 

force. An increased peak force implies an increased mean load with rising impact 

velocity. It is also further noted that increasing the kinetic energy lead to an increased 

deformation. The deformation mode is seen to remain unchanged. 

4. Increasing the initiator size lead to the reduction of the peak force while slighth' 

increasing the maximum force during the crush process. The reduced area of Ar = 

35.0% results into the best energy absorption characteristics. 

5. It was shown, for numerical analysis, that initiators has to be located a distance from 

the impact end approximately equal to one half the width of a single side of the cross-

section (i.e., 40 mm incase of the triangular extruded tube). 

5.2 Recommendations 

Since this study was purely ntmierical, it is recommended that experimental 

studies be carried out to verily some of the behaviors of the various extruded tubes. 

Practical applications of the tubes studied in this research should be explored. 
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APPENDDC A 

TABLE OF NUMERICAL ANALYSIS 

Table A. 1: Numerical Analysis 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

Absorber 
X-Sectlon 

square 
square 
square 
circle 
circle 

square 
triangle 
hexagon 

circle 
ellipse 
square 
triangle 
hexagon 

circle 
ellipse 
square 
triangle 
hexagon 

circle 
ellipse 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
triangle 
square 
square 
square 

Imperfection 

Size 

0.03 
0.03 

0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 

0.03 
0.03 
0.03 

Location 

bottom 
middle 

bottom 
middle 

top 
top 
top 
top 
top 
top 
top 
top 
top 
top 
top 
top 
top 
top 
top 

middle 
middle 
middle 

Initiator 

Size 

2.5% 
5.0% 
10.0% 
15.0% 
20.0% 
25.0% 
30.0% 
35.0% 
2.5% 
5.0% 
10.0% 
15.0% 
20.0% 
25.0% 
30.0% 
35.0% 
35.0% 
35.0% 
35.0% 
35.0% 

Shape 

circle 
circle 
circle 
circle 
circle 
circle 
circle 
circle 

diamond 
diamond 
diamond 
diamond 
diamond 
diamond 
diamond 
diamond 

circle 
circle 

diamond 
diamond 

Location 

top 
top 
top 
top 
top 
top 
top 
top 
top 
top 
top 
top 
top 
top 
top 
top 

middle 
bottom 
middle 
middle 

Velocity 
Vo 

15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
10.60 
10.60 
10.60 
10.60 
10.60 
5.06 
5.06 
5.06 
5.06 
5.06 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.60 
15.25 
16.25 
18.00 

Velocity 
Vi 

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

15.00 
15.00 
15.00 

Impact 
Mass 

55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
55.92 
50.00 
25.00 
10.00 
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APPENDDC B 

LIST OF NUMERICAL STUDIES 

Study 1: Effect of Imperfection Location on Energy Absorption (30 mm. 155 mm, 280 mm) 

Data 
1, 2. 6 

4, 5. 9. 

Variable (Shape) 
square 
circle 

Study 2: Effect of Cross-section on Energy Absorption (square, triangle, hexangon, circle, ellipse) 

Data 
6, 7, 8, 9, 10 

11, 12, 13, 14, 15 
16. 17. 18, 19.20 

Variable (Velocity) 
15.6 
10.6 
5.6 

Study 3: Effect of Kinetic on Energy Absorption 

Initial Velocity (15.6 m/s, 10.6 m/s, 5.06 m/s) 

Data 
5, 11, 16 
7,12.17 
8, 13, 18 
9, 14, 19 
10, 15,20 

Variable (Shape) 
square 
triangle 
hexagon 

circle 
ellipse 

Impact Mass (50 kg, 25 kg, 10 kg) 

Data 
41,42,43 

Variable (Impact Velocity) 
50 

Study 4: Effect of Initiator Size on Energy Absorption (2.5%. 5%, 10%, 15%, 20%, 25%, 30%, 35%) 

Data 
21,22,23,24,25,26,27,28 
29,30,31,32,33.34,35.36 

Variable (Shape) 
circle 

diamond 

Study 5: Effect of Initiator Location on Energy Absorption (40 mm, 155 mm, 270 mm) 

Data 
28, 37, 38 
36, 39, 40 

Variable (Shape) 
circle 

diamond 

**Note: For Data Columns parameters see Appendix A. 

75 



:•—KH 

PERMISSION TO COPY 

In presenting this thesis in partial fulfillment of the requirements for a master's 

degree at Texas Tech University or Texas Tech University Health Sciences Center, I 

agree that the Library and my major department shall make it freely available for 

research purposes. Permission to copy this thesis for scholarly purposes may be 

granted by the Director of the Library or my major professor. It is understood that 

any copying or publication of this thesis for financial gain shall not be allowed 

without my further vmtten permission and that any user may be liable for copyright 

infringement. 

Agree (Permission is granted.) 

Student Signature Date 

Disagree (Permission is not granted.) 

Student Signature Date 


