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ABSTRACT 

The purpose of this research is to develop a general predictive mathematical 

model of the deformation behaviours for various symmetric geometrical tubes under 

lateral compression between two flat rigid plates. The mathematical model has been 

proposed based on rigid, perfectly plastic model and the energy balance method.  The 

mathematical models are divided into two cases i.e. 'Case 1' and 'Case 2' based on the 

geometrical shapes of the tubes. ‘Case 1’ is for shapes with number of sides 6, 10, 14 

and so on such as hexagonal, decagonal and tetra-decagonal tubes. Whereas, ‘Case 2’ 

is for shapes with number of sides 4, 8, 12 and so on such as square, octagonal and 

dodecagonal tubes. The prediction or assumption used in this mathematical model 

was that the tubes would deform in phase by phase during plastic deformation. In 

order to achieve this purpose, the deformation behaviour and the energy-absorption 

performance of various geometrical tube shapes need to be determined. The 

geometrical tubes shapes which were studied include square, hexagonal, octagonal, 

decagonal, dodecagonal and tetra-decagonal tubes. For that, experimental tests and 

finite element analysis (FEA) simulation were conducted to determine the collapse 

behaviour of these various symmetrical geometric tubes. First, the quasi-static lateral 

compression test was conducted on square and cylindrical tubes experimentally and 

by FEA simulation method by using INSTRON Universal Testing Machine and 

ABAQUS software respectively. Both results were compared to validate the FEA 

simulation results. Then, the validated FEA simulation method was performed for 

these various symmetrical geometric tubes to determine their deformation behaviour 

and energy-absorption performance and then to validate the newly mathematical 

model. The comparison between the experiment and FEA simulation had shown 
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good agreement. The simulation study showed that square and symmetric hexagonal 

tubes deformed with 1 phase of plastic deformation, symmetric octagonal and 

decagonal tubes deformed with 2 phases of plastic deformation, symmetric 

dodecagonal and tetra-decagonal tubes deformed with 3 phases of plastic 

deformation. It was determined that, the general mathematical model had succeeded 

to predict the deformation behaviour of various symmetric geometrical shapes for 

both cases but discrepancy occurred for certain specimens due to sudden high peak at 

the last phase and small angle difference for neighbouring sides. The energy – 

absorption performance analyses for different types of symmetric geometrical tubes 

had shown that symmetric hexagonal tube produced the best energy-absorption with 

high total energy absorption, low yield stress and long stroke without any sudden 

jump force. 
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CHAPTER 1  

INTRODUCTION 

1.1 Background of the Research 

In the modern era of lives, transportation is one of the main needs to travel 

from one location to another location and to deliver goods. Due to the advanced 

technology of the modern world, the vehicles could be produced in a massive 

volume. In Malaysia, the number of vehicles registered in the year of 2011 was 

21,311,630 increased by more than 1 million from the year of 2010 (Royal Malaysia 

Police, 2012). Moreover, vehicles can also have very high speeds. There are also a 

lot of heavy vehicles like lorries and trucks on the road. The increasing number of 

vehicles with high speeds and massive weight will lead to a more severe damage to 

the people and environment if traffic accident occurs.  

The number of people killed and injured due to the road accident is reported 

to be increasing year by year. World Health Organization (WHO) reported around 

1.3 million people are killed in road traffic collisions worldwide every year (WHO, 

2009). Furthermore, the number of injuries or disabilities is estimated between 20 
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and 50 million people worldwide every year. The European Union (EU) with the 

number of motor vehicles is nearly half of the about 500 million population reported  

the numbers of injuries and deaths from road accidents are 1200, and 34,500 

respectively each year (European Commission, 2011). The United States of America 

(USA) with 309 million population and 256 million registered motorised vehicles in 

2008, reported 33,808 deaths due to road accidents (National Highway Traffic Safety 

Administration, 2010). In Malaysia, nearly 7000 deaths and over 25,000 injuries 

have been reported in 2011due to road accidents (Royal Malaysia Police, 2012). 

Hence, road traffic fatalities, disabilities, and injuries have become a major global 

public health issue. Due to these associated increases, society has become more 

aware and concerned for the safety aspects of transportation. 

This has led researchers in the last few decades to study and develop impact 

protection systems to prevent and reduce the effects of collisions. These safety 

systems can be divided into two types i.e. active and passive safety systems (Johnson 

and Mamalis, 1978). The function of active safety systems is to prevent collision to 

happen. Some of the examples of active safety system are the application of 

electronic control systems to improve drivers’ visibility, improved vehicle handling 

devices and anti-lock-braking systems (ABS). On the other hand, the function of 

passive safety systems is to reduce the collision effects to the vehicles and occupants 

by limiting the level of deceleration and dissipating the kinetic energy during impact 

in the controlled manner. Some of the examples of passive safety systems are the 

build-in energy-absorbing devices/structures, seat belts, head restraints, shatterproof 

windscreen glass and airbags.  
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1.2 The Crashworthiness Properties and the Energy-absorption System 

The crashworthiness or the response quality of a vehicle during collision or 

impact has become one of the important engineering studies in the designing process 

of vehicles. This study is important in order to improve on the crashworthiness 

properties of a vehicle so that crash fatalities can be reduced. Various aspects 

regarding crashworthiness have been reviewed by Johnson (1990). He mentioned 

that there are four major aspects that should be included in the crashworthiness 

designs of vehicles; (i) the consequences of the crash especially the damage caused 

towards the occupants, vehicles, cargoes and also to the environment, (ii) head 

injuries since the majority of vehicle accidents involve injuries to the head, (iii) the 

energy-absorption systems to absorb the kinetic energy during impact to reduce the 

crashworthy, and (iv) the fire risks with regards to the fuel combustion. Thus, more 

studies are needed to improve the crashworthiness properties of various types of 

vehicles. One of them is located under the study of the energy-absorption systems.  

The energy-absorption structure should have the quality of small elastic 

dissipations to reduce the effect of repetitive decelerations to the occupant (Johnson 

and Reid, 1978).  The energy-absorption structure should also have high irreversible 

or inelastic energy so that more kinetic energy can be dissipated. The various types 

of irreversible energy include plastic deformation, viscous deformation energy, and 

energy dissipated by friction or fracture (Lu and Yu, 2003). For these two purposes, 

the peak of the reaction force of the energy-absorption structure should be as low as 

possible to reduce the elastic deformations and the reaction force should remain 

constant or almost constant to avoid extremely high rate of hindering. Since the 
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elastic deformation needs to be as low as possible and at the same time the plastic 

deformation should be as high as possible in order to get high inelastic energy, the 

plastic displacement or the stroke should be sufficiently long and steady state 

manner. The other important factors in designing the energy-absorption system are 

stable and repeatable deformation mode from any uncertainty, light-weight, high 

specific energy-absorption capacity, low-cost and easy to install. 

1.3  Problem Statements 

Although there are an enormous number of researches on the various types of 

loading on metallic tubes, all the previous studies focussed on the cylindrical and 

square tubes. Hence, there is still a gap of knowledge regarding deformation 

behaviour of various types of geometrical tubes. The purpose of this research is to 

develop a general mathematical model of the deformation behaviours of various 

symmetric geometrical tubes subjected to lateral loading. In order to achieve this 

purpose, the deformation behaviour and the energy-absorbing performance of 

various geometrical tube shapes need to be determined. This research study focuses 

on the deformation behaviour of various symmetric geometrical tubes i.e. square, 

hexagonal, octagonal, decagonal, dodecagonal and tetra-decagonal tubes under 

lateral compression between two flat rigid plates. 
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1.4 Research Objectives 

The objectives of this research are as follows: 

1) To develop and validate a general predictive mathematical model for the 

deformation behaviour of lateral collapse of the generalized symmetric 

geometrical tubes.  

2) To evaluate the load - deformation behaviour under lateral loading of various 

symmetrical tubes i.e. square, symmetric hexagonal, octagonal, decagonal, 

dodecagonal and tetra-decagonal tubes. 

3) To compare the energy-absorbing performance for different types of geometrical 

tubes. 

1.5 Scope of Research 

This research focuses on the development of the mathematical modelling of 

various symmetrical geometrical tube shapes which are compressed laterally in 

between two rigid flat plates. The geometrical tube shapes under this study are 

hexagonal, octagonal, decagonal, dodecagonal and tetra-decagonal. A generalized 

mathematical model of the lateral deformation of these shapes is determined and 

presented. The finite element analysis (FEA) simulation of these tube shapes of 

various angles is performed to validate the mathematical model. The comparison is 

made between mathematical model and FEA methods on these shapes for their load-

deformation behaviours and shape transformation at the phase transition. Then, the 

energy absorption performance is studied for these various shapes in which the best 
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energy absorption structure can be determined. Before the FEA is employed to 

validate the mathematical model, the FEA should be validated with experimental 

results. For that purpose, the experiment on the square and cylindrical tubes 

compressed laterally in between two rigid flat plates is conducted along with the 

determination of their material properties. Then, the results between the experiment 

and FEA are compared to validate the FEA. 

1.6 Layout of the Thesis 

A newly mathematical model development and an investigation into the 

mechanical behaviour, performance and efficiency of various symmetric geometrical 

tubes i.e. square, symmetric hexagonal, octagonal, decagonal, dodecagonal and tetra-

decagonal tubes as energy-absorbing systems loaded in the lateral direction and 

compressed between two flat rigid plates is reported in this thesis. The symmetric 

geometrical tubes are uniformly loaded in the axial direction by loading the top flat 

rigid plate in the vertical downwards direction.  

In Chapter 2, previous studies of energy-absorbing systems are reviewed. In 

the published literature, an extensive amount of work has been reported on two major 

types of energy-absorbing systems, i.e. axially and laterally compressed thin walled 

structures. Both systems are discussed in terms of their modes of deformation, 

energy-absorption and specific energy-absorption performance. Lastly, the focus is 

given on the fundamental of the mathematical modelling used in this study. 
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In Chapter 3, the methodological frame work of this research is presented. 

The research methodology consists of the experiment, the FEA simulation and the 

mathematical modelling. Then the experiment procedures for the tensile and 

compression test of square and cylindrical tubes are presented. 

Chapter 4 covers the process of the FEA simulation method via ABAQUS 

software. The development of the various shapes and angles is discussed and then 

step by step input process of the module in the ABAQUS software in order to 

replicate the experimental work is presented. 

The mathematical model development which becomes the main part of this 

research is discussed in Chapter 5. The development of the mathematical model 

discussion covers the symmetric square, hexagonal, octagonal, decagonal, 

dodecagonal and tetra-decagonal tube shapes which are compressed laterally in 

between two rigid flat plates. The discussion also covers the development of 

generalized model to represent any symmetrical geometrical tube shapes under this 

lateral compression. 

In Chapter 6, the results obtained from the experimental procedure, 

simulation and analytical model are discussed. The first part of this chapter discusses 

the validation of FEA simulation method based on the comparison between 

experimental and simulation results. Then, the results of load-deformation behaviour, 

shape transformation, the energy-absorption performance and the validation of the 

mathematical model results are presented and discussed for square and symmetric 

hexagonal tubes of various angles, symmetric octagonal tubes of various angles, 
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symmetric decagonal tubes of various angles, symmetric dodecagonal tubes of 

various angles and symmetric tetra-decagonal tubes of various angles, respectively.  

In Chapter 7, the conclusions are formulated based on the validation of the 

newly proposed mathematical model, the deformation behaviour and energy-

absorption performance of the deformation behaviour of various symmetric 

geometrical tubes' shape i.e. square, symmetric hexagonal, octagonal, decagonal, 

dodecagonal and tetra-decagonal tubes. Then, a list of recommendations that could 

be carried out by future investigators in developing, enhancing and optimising 

symmetric geometrical tubes as energy-absorbing systems are presented.  

  



CHAPTER 2  

LITERATURE REVIEW 

2.1 Introduction 

 In this chapter, different methodologies to determine the energy-absorption 

performance of different deformation mode are reviewed. A review of the previous 

researches regarding the metallic materials as the effective energy absorption 

structures has been done by Johnson and Reid (1978). The focus was given on the 

structures that could experience large plastic deformations under the collision speeds 

of around 50 m/s or 180 km/h so that it can absorb higher impact energy. In the 

meantime, the structures should have small elastic deformations to reduce the effect 

of repetitive decelerations to the occupant. However, due to several simplifications 

and assumptions made in the previous analytical models, theoretical analyses for 

large plastic deformations of structures have become less accurate.  They suggested 

that in order to improve the predictive model, the structural plasticity approach 

should be applied. To make the analytical become more accurate, several factors 

such as the geometry effects, strain-hardening, strain-rate and various interactions 
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between different deformation modes such as bending and stretching have to be 

considered. Nevertheless, the improved analytical model integrating those effects 

have been developed since then and was reviewed also by Johnson and Reid (1986). 

Several achievements in the energy-absorbing systems such as uni-axial tension of 

ductile materials such as wires, strips and tubes were also included in this review 

paper. 

The dynamic plastic deformation performance of structures was reviewed by 

Jones(1989). The simplifications and assumptions included in the previous analytical 

models on the load-deflection relation of the structural collapse mechanism had been 

discussed. The ‘secondary effects’ such as material elasticity, finite displacements, 

material strain-rate sensitivity, transverse shear, rotatory inertia and material strain-

hardening were included so as to improve the analytical model. For repeated 

dynamic loads, it was observed that continuous strengths reduction at the initial and 

subsequent collisions experienced by structures under experimental tests were well 

predicted by the rigid-perfectly plastic theoretical analytical model. For tubular 

structures, there were two well-known sorts of failure; (1) the 'dynamic plastic 

buckling’ and (2) ‘dynamic progressive buckling’.  Dynamic plastic buckling was 

referred to as the global collapse since the buckle pattern was observed throughout 

the length of the tube. It was called dynamic plastic buckling because it occurred 

only during dynamic loading. This type of collapse happened due to two major 

effects i.e. inertia forces and material rate sensitivity.  It was found that more 

wrinkles are produced by the inertia effect in the dynamic collapse compared to static 

collapse. Several analytical models have been developed to envisage these 

phenomena but all of them were complicated. The other methods were by using 
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finite element numerical methods but it was found that different softwares produced 

different results. On the other hand, dynamic progressive buckling occurred at low 

impact velocity where the effect of the inertial forces was small but still significant to 

the material rate sensitivity. The deformation mode of dynamic progressive buckling 

is like static collapse where it only occurred at one end of the tube as the 

deformations progressed.  

A broad overview on the performances of energy-absorbing devices and their 

prospective utilisation in the aircraft industry had been published (Ezra and Fay, 

1972). They have identified three categories of energy-absorbing devices; material 

deformation, extrusion and friction devices. The first category, material deformation 

was the main focus. The behaviour of the energy-absorbing device relied on their 

specific application and suitability. The performances of these devices can be 

measured by the specific energy, crush efficiency or energy efficiency. 

Basically, there are two generic types of plastically deforming structures  in  

energy-absorbing under quasi-static situations as shown by Calladine and English 

(1984). Under the compressive loading, the cellular material deformation can be 

categorized into two types of load-deflection namely Type I and Type II. Type I 

executes monotonically increasing, relatively ‘flat plateau’ static load-deflection 

curve whereas Type II produces high peak at the initial stage followed by an 

immediate reduced curve. Basically, a Type I structure can be referred to as the 

lateral or axial compression of rings/tubes while a Type II structure can be referred to 

axial loading of two steel plates clamped at both ends or known as crooked plates 

and also to other thin-walled structures under axial loading such as struts, circular 
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tubes and square tubes. The Type II is more sensitive to both strain rate and inertial 

effects and thus is more sensitive to changes in the impact velocity. This is due to the 

initial ‘straightness’ of the geometry structure of type II. The diagram of both types is 

illustrated in Figure 2.1 (a) and (b) and the load-displacement graph is shown in 

Figure 2.2.  

 a)               b) 

 

 

Figure 2.1:  Two type of structure before (dotted line) and during compressive 

loading  a) Type I structure and b) Type II structure  (Calladine and English, 1984). 

 

Figure 2.2:  Graph of Load-Displacement of Type I and Type II                    

(Calladine and English, 1984). 
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During the compression process, the cylindrical tube is deformed by 

undergoing three major phases which resulted in three stages in the force-

deformation curve. The first stage is the linear increasing force, followed by a flat 

force and lastly an unbounded increasing force. The first stage is the elastic collapse, 

the second stage is the plastic collapse and the last stage is the densification of the 

cylindrical tube (Gibson and Ashby, 1997). During the plastic collapse, three types of 

behaviour can take place which are the strain hardening, strain softening and 

perfectly-plastic (Li et al., 2006), Figure 2.3 illustrates these behaviours. 

a) 

 

b) 

 

c) 

 

Figure 2.3:  Collapse behaviour of tube under lateral compression a) Strain-

hardening behaviour,  b) Strain-softening behaviour and c) Perfectly-plastic 

behaviour (Li et al., 2006). 

Cellular structures comprising assemblies of simple engineering components 

such as tubes or rings, and bars have been used in absorbing static and dynamic 

forces. These components are effective impact energy absorbers because they have 

large plastic deformation with longer strokes which reduces decelerating forces as 

compared to single components (Zou et al., 2007). Furthermore, their reaction force 

is consistent, produces great energy-absorbing performance with recurring 

deformation modes and is easy to manufacture (Lu and Yu, 2003).  Basically, the 
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study of tubular structures undergoes two key categories of loading which are along 

axial direction or along lateral directions. There are several methods of deformation 

such lateral compression, lateral indentation, axial crushing, tube splitting and tube 

inversion which produce different energy absorption responses. This is due to 

different elastic and inelastic energy dissipated by different mode during the 

deformation (Olabi et al., 2007). The research methodology was based mainly on 

experimental procedure, analytical method and simulation method that have been 

done by many researchers to determine the energy-absorbing capabilities of such 

systems. 

2.2 Axial Compression 

The study on the load-deflection relation of axially compressed thin cylinder 

was pioneered by Alexander (1960). The model was derived by equating the external 

work done to deform the cylinder throughout one complete collapse to the internal 

energy absorbed by bending and stretching at and between the joints of the complete 

fold. Two assumptions were made in this analytical model. The first assumption was 

that the cylindrical shell deformed completely outward with three hinges and 

circumferential stretching in of the materials in between and the second assumption 

was that the material had rigid-perfectly plastic behaviour. Although this model was 

a bit simple, it managed to show a good agreement with the experiment result. Figure 

2.4 shows the deformation system produced by Alexander (1960). 
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Figure 2.4:  The assumption of axi-symmetric deformation mechanism        

(Alexander, 1960). 

The improvement of model by Alexander was then presented by Johnson et 

al. (1977) which included a modification on the stretching energy expression. 

Furthermore, the improvements focused on the predictions of the deforming tube 

wall bends by replacing the straight line with two adhere arcs (Abramowicz and 

Jones, 1984a, 1986) (see Figure 2.5). The arc profile was then improved by Grzebieta 

(1990) (see Figure 2.6).  He also adopted equilibrium approach so that the load-

deflection curve can be related. Then, the eccentricity factor was introduced by 

Wierzbicki et al. (1992), taking account that the tube wall deforms both inward and 

outward (see Figure 2.7). Then, an effort was made to improve this factor by 

considering a global energy balance (Singace et al., 1995; Singace and Elsobky, 

1996). 
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Figure 2.5:  An improved axi-symmetric deformation model                    

(Abramowicz and Jones, 1984a, 1986). 

 

Figure 2.6:  Deformation mechanism  for axi-symmetric model with improved arc 

profile (Grzebieta, 1990). 

 
Figure 2.7:  Axi-symmetric deformation model of a cylindrical tube           

(Wierzbicki et al., 1992). 



17 

2.2.1 Circular Tube 

 A detailed analysis on thin-walled circular aluminium tubes (Grade 6060) 

under the quasi-static axial compression had been performed by Guillow et al. 

(2001). The aluminium tubes were heat treated in its as-received condition with    

ratios between            and       . A chart was made to categorize the 

deformation behaviour of various tube sizes. Next, the relationship between the 

average force and     ratios was empirically determined where it was found that  the 

average force divided by the plastic bending moment,      P was equivalent to the 

power 0.32 of     and this relationship was appropriate for axisymmetric, non-

symmetric and mixed modes of deformation type (refer to Figure 2.8).  The 

axisymmetrical mode is also known as the ring mode or concertina mode and 

meanwhile the non-symmetrical mode is also known as diamond mode. 

 
(a) 

 
(b) (c) 

Figure 2.8:  Various collapse modes for thin-walled circular aluminium tubes under 

axial loading (a) axisymmetric mode (concertina); (b) non-symmetric mode 

(diamond) and (c) mixed mode (Guillow et al., 2001) 

A new type of kagome honeycomb sandwich bitubal circular column was 

introduced to increase the plastic deformation zones and improve the energy 

absorption efficiency (Zhang et al., 2010). The tube’s newly designed structure 
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consisted of two circular aluminium tubes which was filled with kagome lattice 

shaped cells (see Figure 2.9). A numerical method was utilised to study several 

properties of the composite structure such as the interaction effect, deformation mode 

and energy absorption capacity. It was observed that during the collapse mode, the 

kagome lattices buckled first causing the outer and inner skin tubes to fold locally 

and enhanced the plastic deformation region. The application of double layer tubes 

had reinforced the buckling capacity of kagome cell. In addition, the collapse of the 

honeycomb cell was being delayed by the wrinkled mechanism of the tube walls 

which intruded into the gap of the honeycomb cell. Hence, the contact effects 

between the honeycomb and column walls had significantly enhanced the energy 

absorption efficiency.  

 

Figure 2.9:  The kagome sandwich column's geometrical construction                

(Zhang et al., 2010). 

Eyvazian et al. (2014) analyzed experimentally on the deformation behaviour, 

energy-absorption performance, and failure mode of corrugated cylindrical 

aluminium tubes under axial compressive loading.  There were five corrugated 

geometrical shapes with different sizes and directions. They found out that, 

corrugated tubes produced a uniform load–displacement curve without any initial 
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peak load. Furthermore, by using the corrugated tubes, the failure mode was found to 

be more predictable and controllable. Thus, it could improve the crashworthiness 

characteristics, controllability and collapse modes of circular tubes under axial 

loading. 

2.2.2 Square Tube 

Fyllingen et al. (2012) made an experimental study on the transition from 

progressive buckling to global bending during axial crushing of long square tubes. 

The study was performed on aluminium alloy 6060 T6 tubes with the thickness and 

outer width of 2.5 mm and 80 mm respectively. The impact tests were carried out in 

a pendulum accelerator on square tubes with lengths of 1300, 1600 and 1900 mm. 

The bottom ends of the tubes were fixed at the distal end to a rigid wall and the top 

ends of the tubes were set free. The force with the mass of 1400 kg at an initial 

velocity of 13 m/s was applied on the top ends of the tubes. They observed that for 

all the tubes, progressive buckling was initiated from the bottom towards the top of 

the tubes. There were two deformation modes i.e. progressive buckling and transition 

from progressive buckling to global bending. They found that the longer tubes would 

be deformed by the latter mode. The odd behaviour development which was 

associated to the deformation behaviour at the fixed end had effected the transition 

progressive buckling to global bending. It was also found that the deformation 

behaviour was slowly transformed from the progressive mode to the mixed mode for 

the large range of tube lengths. Figure 2.10 shows the different deformation modes of 

long square tubes. 
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Figure 2.10:  Deformation modes of square tube from left to right : One extensional 

lobe; Two extensional lobes and One extensional lobe and one asymmetric lobe 

where S = symmetric, E = extensional, A =  asymmetric, T =transition        

(Fyllingen et al., 2012). 

The energy absorption performance of longitudinally grooved square tubes 

subjected to axial compression has been investigated by Zhang and Huh (2009) by 

using the finite element analysis simulation software i.e. LS-DYNA. The walls of the 

square tubes were stamped to form the grooves (see Figure 2.11). The authors 

studied the distributions of the effective plastic strain and the thickness variations 

from the stamping process. They also studied the influence of several parameters 

such as the width of the tube, the length of the groove and the number of the grooves, 

and the features of the deformation modes of grooved tubes. Based on the simulation 

analyses, the authors discovered that the longitudinally grooved square tubes 

increased 82.7% of the specific energy absorption of conventional square tubes and 

reduced 22.3% of the peak force of the conventional tubes. This study had also 

discovered that the crashworthiness of thin-walled structures could be improved by 

the introduction of grooves to the wall of the square tubes. 
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Figure 2.11:  Finite element models of three types of tube: (a) conventional tube 

without  groove; (b) tube with four grooves i.e. one grove on every sidewall; and   (c) 

tube with grooves i.e. one grove on two opposite sidewalls (Zhang and Huh, 2009). 

In order to reduce the initial peak and the subsequent fluctuations in the load-

deflection curve, Song et al. (2012) introduced the origami patterns to thin-walled 

tubes of various cross-sectional shapes such as square, hexagon and octagon. Figure 

2.12 shows the example of the origami pattern on a square cross-sections thin-walled 

tube. Tubes with origami patterns were analysed through finite element analysis 

method. From these analyses, it was found out that the origami patterned tubes 

exhibited a lower initial peak force and more uniform crushing load than the existing 

conventional tube. Parametric studies were performed and they demonstrated the 

relationship between the pre-folding angles and the initial peak force with the mean 

crushing force for the tubes with different cross-sections. Lastly, they fabricated the 

origami patterned tube prototype to carry out the experimental tests. The 

experimental test results showed good agreement with the numerical results which 

included the much lower initial peak force and a smooth crushing process. 
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        (a)     (b) 

Figure 2.12 Origami pattern introduced on square tube a) side view and b) top view 

(Song et al., 2012). 

2.2.3 Hexagonal Tube 

Post-buckling behaviour of aluminium alloy extruded polygon section tubes 

under dynamic axial crushing has been investigated by Rossi et al. (2005). The 

analysis was performed explicitly by using the LS-DYNA finite element software. 

The analysis was divided into two stages. In the first stage, the numerical parameters 

and all the numerical results associated with thin-walled aluminium extruded square 

tubes were validated with existing published experimental data. In the second stage, 

the post-buckling behaviour such as extensional, symmetric and asymmetric 

deformation modes were examined. The numerical simulations revealed that the 

polygon with more number of walls or flanges had higher axial deformation load and 

reduced the permanent displacement parameters. For an example, hexagonal tube 

section increased the deformation load by 11% and reduced the permanent 

displacement by 10% compared to square tubes. Furthermore, the specimens with the 

thinnest nominal wall thickness also increased the deformation load and reduced the 

permanent displacement parameters by 27% and 20% respectively. Figure 2.13 

illustrates the final post-buckling deformation state of a hexagonal sectioned model. 
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Figure 2.13:  Final post-buckling deformation state of a hexagonal sectioned model 

using LS-DYNA (Rossi et al., 2005). 

2.2.4 Frusta Tubes 

The deformation mechanism and energy absorption efficiency subjected to 

axial quasi-static loading among a straight rectangular tubes and three tapered 

rectangular shapes i.e. double-tapered, triple-tapered and four or frusta tapered sides 

had been simulated and compared by Nagel and Thambiratnam (2005) (see Figure 

2.14). This study had shown that the arrangement of the energy absorption efficiency 

structures from top to bottom were the triple - tapered tubes, straight tubes, frusta- 

tapered tubes and double-tapered tubes. Nevertheless, when the number of tapered 

was increased, the specific energy absorption per unit mass 
  

    
  reduced.  Hence, it 

was concluded that the most efficient energy absorption shape was the straight tubes 

if mass was considered.  
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Figure 2.14:  The diagram of  the geometrical structure for the straight and tapered 

rectangular tubes (Nagel and Thambiratnam, 2005). 

2.2.5 Other Shape Tubes 

Fan et al. (2013) performed an experimental study and FEA simulation via 

ABAQUS sofware on axial collapse of four types of geometries i.e hexagon, 

octagon, 12-sided and 16-sided star tube shapes (see Figure 2.15). The simulation 

results had been validated with the experimental results. The study showed that the 

energy absorption could be improved by increasing  the number of inward corners 

until a certain number. The best energy-absorption performance was produced by the 

12- sided star shape with the diameter to thickness ratio less than 50. On the other 

hand, the 16-sided star shape produced the lowest energy-absorption. 
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