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Abstract 
When a car crashes, there are several systems working for the safety of the passengers. There 
are active systems such as airbags and seatbelt stretchers. But there are also passive systems 
that are designed to protect the passenger in different ways. The bumpersystem is one of those 
systems. This thesis will work with the energy absorbers, known as crash-boxes, which are 
located between the crossmember and the car’s sidemember. The crash-box has the purpose to 
absorb energy in low speed crashes and deform before the side members do. Its area of use 
measured in speed is 8 to 16 km/h. The crash-box system saves money whereas the reparation 
cost becomes significant if you have to replace the side members after a crash. This thesis was 
conducted at Gestamp R&D in Luleå and focused on their crash-box system. The boxes are 
made out of two halves of sheet metal that are welded together with each other and with a rear 
plate. This gives the box a very complex shape with geometrical differences and strain 
hardening issues.  
 
Classic buckling theory with buckling of cylindrical tubes and tubes with a squared 
crossection was studied and reviewed. These theories have the background in testing and are 
often simplified and used as an approach for a simple crossection. When a structure with 
variable crossection there is hard do find equations and information about their buckle 
behaviour. To analyse this problem there has to be testing of that unique crossection. Just 
because of the fact that the structures from the theory section have a fairly simple shape 
compared to the crash-box this thesis was focused to find a method that should use eigenvalue 
analysis or buckling analysis. These are analysis methods can be performed regardless of the 
geometrical shape of the crash-box.  The work resulted in a suggested method that used the 
bucklingwave and buckling analysis to optimize the triggering of the crash-box. The trigger 
should be placed on the natural buckling points for the crash-box 
 
When simulations were made it showed that the buckling modes for a crash-box were hard to 
find. Problems with the construction when the box was divided into two halves that were 
welded together were one of the main problems. The method that was chosen did not meet the 
demands that were needed for design process of the three-part welded crash-box. 
 
However, it is shown that the buckling wave proceeds through the structure and the distance 
between the buckling points grows with a growing crossection area. Therefore the distance 
between the triggers should increase when the crossection area increases. To help initiate and 
maintain a stable axial folding mode, which is the wanted collapse mode in the structure, the 
crash-box should also have a conic design to help support the structure during collapse. 
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1. Introduction 
 

1.1 Gestamp 

This thesis is made at Gestamp R&D at Gestamp Hardtech in Luleå, were they develop, 
manufacture and market safety components for the car industry. The R&D facility in Luleå is 
one of three in the world and the work close to many producers with products like side impact 
beams and bumper systems. Their products are based on the technology of hardening boron 
steel in connection with compression stamping. Gestamp is a company deeply involved in the 
automotive industry with projects with many of the known companies in the vehicle industry. 
They are specialised on stamped metal components. As it is described on their own web page: 
“Gestamp Automoción" is an international group dedicated to the development and 
manufacturing of metal components and structural systems for the automotive industry” 
 

1.2 Goal 

This thesis work aims to find a method to develop energy absorbers for bumper systems with 
a high constant load during deformation. Presently there is no specific way to approach a new 
design of a bumpersystem. It all starts with a qualified guess how the design should look like 
and after that it is an iterative process. This takes time and therefore cost money. The new 
method should therefore help the developer to faster reach an effective design of the crash-
box which makes it behaves in a specified way during a crash. 
 

1.3 Delimination  

In this thesis the crash-box with three welded parts will be studied. The model will be 
dimensioned for the Allianz CRT test; if there is time other crash test will be included in the 
model.  The material property is set constant and the material that is considered in this report 
is a cold rolled steel with yield strength of 420 MPa (HC420LA). The thesis will mainly focus 
on the front bumper whereas that is the more complex one with higher demands. In present 
day Gestamp R&D uses the CAD software I-DEAS and CATIA simultaneously but if the 
method will use CAD software I-DEAS should be avoided whereas that system might be 
replaced in the future. This work will be focused on finding a suitable method that uses the 
structures eigenvalue or buckling eigenvalue to predict the deformation behaviour. 
 



                                                                                        

 6

2. Background/Problem 
The background to this thesis is the design of Gestamp’s bumpersystem and more specific the 

crash-box. The crash-box is the piece between the metal bumper and the car’s sidemembers 

(See figure 2.1). The development of this product is time consuming and therefore a costly 

process. A first design is made, then evaluated and alternated and new tests are done again 

and so on until a suitable design is reached. This part of the report will clarify and explain 

different variables that effect the design of the bumpersystem. 

 

 
Figure 2.1 describes the bumper system 

 

2.1 Bumper Systems 

The problem today with the development of the bumpersystem and the crash-box is that it is 
not an exact knowledge. The development process of the crash-box today starts with a guess 
how it should be designed. From the presumed design simulations are made, the results are 
analysed and alternations are made. New simulations are made after the redesign and that 
leads to new alterations and so on until you get the result you are looking for. This makes the 
development time-consuming and therefore expensive.   
 
To get an understanding about the bumpersystem this part of the report will first briefly 
describe different bumper systems with focus on systems using crash-boxes and especially the 
three part welded crash-box. The bumpersystem is designed to absorb energy in a crash and 
beside the welded three part welded crashb-box system there are some other type of 
bumpersystem. 
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2.1.1 Monoblock bumper. 

This bumper is constructed as one part in stamped metal. The crash-box does not exist in this 
system, as they are integrated with the crossmember and coverplate. This concept saves some 
weight and more important it saves time in production when it is produced basically in one 
step. This product also has the benefit to be without welds, this gives a more homogenous 
material with less strain hardening. The disadvantages however is that the monoblock bumper 
is more time consuming to develop because there are often more iteration in the design 
process before a suitable design which fulfils the design specifications is found. 
 

2.1.2 Bumper with stroking hydraulic energy absorber 

This system uses hydraulic tubes which in a collision absorbs energy by being compressed. 
This system can for example be seen in the US version of the new Volkswagen Beetle. The 
advantage with this system is the recyclebility. The dampers can be used again; which; 
however this solution is more expensive than a regular crash-box. 
 

2.1.3 Bumper with crash-box system. 

The system that will be treated in this work is the one with a crossmember and coverplate 
designed with a crash-box in between the crossmember and the sidemembers of the car. This 
design is built to absorb energy through a structural collapse. There are basically two types of 
crash-boxes on the market. 
 

Extruded aluminium crash-box 
The extruded aluminium boxes is a simple structure that is easy to produce. It has the 
disadvantages that it is hard to guide the collapse mode with different triggers or crush 
initiators. This is because they have to be applied during a post process and with such work 
the benefits of a cheep producing method as extrusion is lost. 
 

Three part welded steel crash-box 
The type of crash-boxes that will be studied in this thesis is the three part welded type. The 
crash-box is built in three parts, often with an upper and a lower part as shown in figure 2.2, 
but in some cases a right and a left part and then a rear plate are used. The geometry of the 
crash-box is often conic and the rear crossection is determine by the cars sidemembers and the 
front cross section is set by the bumper. The conic shape contributes to the stable progressive 
folding collapse, starting from the bumper and travelling towards the rearplate. The corners of 
the crash-box have often an s-shaped geometry. This type of corners helps to keep a high load 
curve and is a patent of Gestamp. 
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Figure 2.2 shows the two conic parts of the crash-box; the upper part is slightly wider to be 

able to fit on the outside of the lower part. 
 
The rearplate has a hole that is made so that the conic part can be fitted in the hole. The edges 
of the hole are folded up like a side boarder as described in figure 2.3. The conic part is MIG 
welded to the bottom plate. At the end of the side rails there is one more rearplate attached. 
With the help of these two plates the crash box is bolted to the sidemembers. 
 

 
Figure 2.3. shows the rearplate of the crash-box. 

 
The crash-box is MIG-welded in the front to the bumper and the two conic parts is MIG-
welded towards the rearplate which then is bolted towards the side members. The material is 
set as HC420LA so the material properties seldom change between the crash-boxes. 
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2.2 Geometry of the crash-box 

There are different geometry variations and limits that the crash-box has and some 
geometrical properties that will influence the crash-box behaviour. 
 
The geometry for the back of the crash-box is basically set by the sidemembers crossection. 
This is to get a stable system where the crash-box has support from the sidemembers. Small 
geometrical differences can occur mainly in the “corners” of the structure. For example the 
previously mentioned s-shaped corners. Another geometrical difference is that the conic part 
of the crash-box is made from two halves welded together. As shown in figure 2.2 one of 
them is a little wider than the other so that it should fit into each other when welded together. 
 
The sheet metal thickness in the conic part is usually in the range 1.5-2.5 mm, most 
commonly 2 mm. In figure 2.3 the base plate with a crossection formed hole is shown and 
figure 2.2 displays the two parts of the conic section. The front crossection height is set by the 
bumper rail. However there can be a lot of differences in how the two of them are welded 
together. In figure 2.2 it can be seen that a tongue on each part that is meant to reach over the 
bumper rail; this part can be designed in different ways depending on the desired crash-box 
behaviour. 
 
To conclude, it can be summarised that the crash-box even without triggers has quite a 
complex shape and compared to a square crossection often used in studies there is a lot more 
than differs between different types of crash-boxes. To construct a method that spans over all 
of these differences is quite a complex problem. 
 

2.3 Material 

The material that the crash-box is made of is cold rolled steel. H400LA (where H stands for 
Yield strength and LA stands for Low Alloy). The material also known as HC420LA (where 
C stands for cold rolled) which is the new name for the material. The reason for the higher 
yield strength is the difference in testing. In the old test the test-sample is cut in the direction 
of rolling. In the new test the sample is cut in 45 degrees angel from rolling. Two other names 
for the same material are ZstE420 (In Germany) and Docol 420 (SSAB product name). 
Some times the crash-box is made in a material with higher yield strength such as H500LA. 
That is however more unusual and with the rising prices on steel the material cost is a bigger 
issue and the H500LA is more seldom used. 
 
 

2.4 Demands 

The demands for the crash-box are set by the customers design specification. These 

specifications can be divided up into four categories that also have subcategories: Required 

Performance, Available space, Weight target and Cost targets. Here information about where 

the bumper should be located and the sidemembers that the crash-box should match to can be 

found.  
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2.4.1 Required performance 

There are a lot of requirements for the performance of bumper systems. There are legal, 
insurance and customer requirements on how the car and the bumper-system should act in 
collision.  
 
Legal Requirement targets (EU, US or EU & US) 

Both the European and the US tests are performed with a pendulum in different positions. But 
when the EU regulations only focus on pendulum test US also have a barrier test. In addition 
to that, the car manufacturer can have extended demand on the performance in some aspects. 
The tow-hook attachment is often one of those. 
 
European: 

The European test is performed with two pendulum strokes on the bumper at a height of 455 
mm. The strokes locations are shown in figure 2.4. After these strokes the car should be legal 
to drive. That means for example that the headlights should work and no leakage should 
occur. 
 

 
Figure 2.4 describes hits and velocities in the EU legal requirement test. 

  
In 2010 the European legal requirements will start to include a test for pedestrians. Therefore 
cars are already designed to manage this new regulation. The test is described in the in figure 
2.5. However these tests will not be too important in the aspect of the crash-box but it is good 
to have knowledge about whereas it can influence other designs that will influence the 
bumpersystem. 
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Figure 2.5 EU legislation pedestrian tests. 

 
 

US: 
The US test has the same angels of the pendulum strokes as the EU legislation test described 
in figure 2.4, but the hits are repeated at two different heights 16” and 20” above ground. The 
pendulum strokes at the side has a velocity of 2,4 km/h and the frontal stroke have the 
velocity of 4,02 km/h. After the hits the car still should look “good”. The US test also has a 
barrier test in their legislations these impacts are described in figure 2.6. 
 

 
Figure 2.6 the US barrier test 

 
Because the different heights in the US test the bumpers made for the US market has a 
different design than the once for the European market. The main difference is that the US 
bumpers is generally higher which results in a heavier system. 
 
System including tow hook attachment 

The tow hook is often placed in the bumper system, more specific in the crash-box; if that is 
the case there have to be calculations made so that the system fulfils the producer’s 
specifications. There are often more demanding requirements from the producer than the legal 
requirements, therefore the tow hook are mainly designed for the producers test. This, 
however, will be neglected in this work but in the design process this is of interest. 
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Insurance demands 

Two of the most common test that the bumpers will be designed to manage is the German 
insurance test Allianz CRT which is the most important test for the European market and the 
IIHS test that is the most important insurance test in the United States. 
 

Allianz CRT rating targets 
Allianz is a big German insurance company. They have developed crash tests to help calculate 
which fee the insurance for a specific car should have. This test is widely accepted in the 
insurance industry and basically sets the insurance fees all over Europe. The producer want 
the price of the insurance fee to match the price of the vehicle, there for this test is important 
for the producer who has a target group for the car and there by a target for the cost. This 
makes the Allianz test an important test for the bumper system. 
 
CRT stands for Crash Reparatur Test and the test is performed in the way that the car is 
crashed in a preset state and then it is repaired to estimate the cost for reparation. The 
Insurance premium is based on this test. For this work the most important test is the front 
barrier test which is described in figure 2.7. The Test is performed such that the test car is 

driven into a 40% offset barrier (Ő = 0.4 x B) which have an angel α=10°. The speed of the 
car is v = 15+1 km/h. The Radius on the barrier is 150 mm.  
 
The basic rule for the Allianz test is that the bumper system should absorb all the energy from 
the crash and leave the side members intact. 
 

 
Figure 2.7 shows an over view of the Allianz test 

 
IIHS 

In the United States they have IIHS (Insurance Institute for Highway Safety). Their goal is to 
reduce losses from death, injuries and property damage. IIHS is a non-profit research and 
communications organization funded by auto insurers. They basically have the same role as 
Allianz. US tests that effect the bumpersystem are described in figure 2.8. The car has the 

velocity of  7,96 ± 0,24 km/h and the total repair cost is then estimated. 
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Figure 2.8 describes some of the IIHS tests. 

 
IIHS has also developed a new test which is a bit different. It is a bumper to bumper test with 
deformable bumper barrier on a pre set height. The idea is that this system better should 
simulate a low speed collision between two cars. 
 
Consumer Demands 

There are two big consumer organisations: 
Euro-NCAP; Consumer organisation testing 
US-NCAP; Consumer organisation testing 
These two organisations test cars and give them a rating that should be easy to understand and 
in this way give consumers guidelines regarding how safe different cars are. These tests are 
taken in to consideration in the design process but the focus is on the legal- and insurance 
demands. 
 

2.4.2 Available space 

The geometry of the crash-box is restricted by the space available; there are mainly two 
parameters to take into consideration for the space. 
  

Split line (Side member/bumper system) 
The split line between sidemember and bumpersystem gives the position where the crash-box 
should be positioned. This is one of the most essential input values to start the work. The 
distance between fascia and sidemember/bumpersystem split line gives the boundaries for the 
bumpersystem. 
 

Shape of car fascia 
The exterior design of the car is often set or at least a rough sketch exists, the design of the 
bumpersystem has to be designed to fit in to the pre-set design of the car. For example there 
can be position lights and split lines between fascia/bumper and front spoiler to be considered.  
 
Remaining space restrictions 

Although the above mentioned is the basic parameters that determines the length and partly 
the crossection of the crash-box. There are also other parts that have to be considered, for 
example the cooler and other parts around the bumpersystem.  
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2.4.3 Weight target 

An important focus lies on the weight of the product. The weight demand is important in the 
car industry and every gram counts. Each gram that can be lost in the construction helps to 
keep the fuel consumption down.  
 

2.4.4 Cost target 

The cost is always an issue and there is always a requirement to get the cost down. Cheaper 
and less material is one way to get the cost down, cheep production is another. 
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3. Methods 
This chapter deals with the methods chosen to accomplish this thesis. To help this thesis on 

the way to the goal systematic problem handling was used. This is a method that helps to 

structure the work of a complex problem into smaller manageable pieces. 

 

3.1 Systematic Problem handling 

When developing a solution it is necessary to have a method to follow to get a structured way 
of work, in this thesis systematic problem handling has been used. This was a method that 
was suitable for the developing of the design method. 
 

2.1.1 Data Gathering 

In the start of the project it is important to get knowledge about what that affects the problem. 
In the beginning the focus was on the variables that the design of the bumper system depends 
on. This was described in the background part of the thesis. Further on the theory section 
focus is laid on the theory behind energy absorption and on research made in the field of 
energy absorption in car crashes as well as on design methods for energy absorbers. 
 
The literature study in this thesis comprise textbooks, research reports and technical/science 
journals. During the work employees on Gestamp R&D was also consulted about their 
experiences around the design process of the crash-box, and their “tips and trix” on how to get 
a suitable design. 
 
The aim with the literature study was to find what work that had been done in the area of 
deformation behaviour of energy absorbers as well as get a basic understanding about energy 
absorption and deformation behaviour.  
 

2.1.2 Problem statement 

The problem was basically set by Gestamp R&D and was described as to faster reach a high 
efficiency in an energy absorber. This meant that the design process should have a structure 
and path to follow in how to get an energy absorber that absorbs a lot of energy with a low 
weight and still manages the different demands that is requested. 
 
To get an overview of the problem it was broke down to smaller pieces that influence the 
problem and that are a part of the design. Through this delimitations were made to get a better 
view of the field the study should focus on and which part that could be put aside. 
 

2.1.3 Problem Investigation 

The design process was investigated to find which areas that had the most difficult problems. 
To do this a discussion were held with product developers at Gestamp R&D to find how the 
design process worked and which problems that usually occurred. Also previous design work 
was studied to se which problems that had occurred and how these problems were solved. 
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2.1.4 Generation of Ideas 

In the generation of ideas part the results from the literature study was summoned to find 
which ways that would be suitable to proceed. Some ideas like using the buckling wave or 
eigenvalue analysis was born on an early stage in the process and therefore has been studied 
further. The ideas that were born here were then investigated. 
 

2.1.5 Evaluation of ideas 

The evaluation of ideas was made from the background information in how the design process 
should work and what that was needed when designing the crash-box. The evaluations of 
ideas were made with the help of simulations of different kinds. The simulations were mostly 
made with help of LS-dyna. There were also further studies made in the fields where ideas 
had been found. The preliminary method was tried out by using I-deas and LS-dyna with the 
help from the background part and the pre set demands of the crash-box. 
 

2.1.6 Completion 

The results from the simulations and from the literature study were then summoned up and 
conclusions were made from that point. Some of the conclusions were followed up and 
alterations were made  
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4. Theory 
When a car crashes, there are several systems working for the safety of the passengers. There 

are active systems such as airbags and seatbelt stretchers. But there is also passive systems 

that are designed to protect the passenger in different was. Some of the systems like the 

passenger compartment are design to be rigid so that it does not bend and harms the 

passenger. Other things are designed to move and to deform so that the energy is absorbed 

and the car can move a longer ay during its deformation. This reduces the forces on the 

passengers due to the reduced deceleration. 

 

4.1 Energy absorption 

Norman Jones and Tomaz Wierzbiki [1] tells that energy in crashes is basically absorbed in 
two ways, hydraulic energy absorber and controlled structural collapse. As described in 2.1.3 
this system has the approach of structural collapse to manage the crash energy. When energy 
is absorbed in a collapse there need to be some way do describe this, therefore a load curve 
diagram often is used (showed in figure 4.1). The first peak of the load curve is the initial 
peak load which responds to the load where the system collapses and it is called Pmax. The 
subsequent peaks are results of the following collapse mode. 
 

 
Figure 4.1 shows a typical load curve 

 
The stiffer crossection that is used the higher peak- and sub peak-forces you get and at the 
same time the crushing distance is narrowed down. The initial peak load is therefore a very 
important design variable. The peak force for the crash-box have to be lower than the initial 
peak force (Pmax) in the sidemember or else the sidemember will collapse first. 
In [2] Norman Jones shows that it is desirable that for the system to work as efficient as 
possible, a high constant load curve is wanted. To get this result the collapse has to be 
promoted and with support of a suitable design have a collapse mode that reaches the desired 
energy absorption. The energy absorbed when a structure collapse is dependent on three basic 
factors: 

• Material properties 

• Collapse mode  

• Structure geometry 
These parameters will be discussed further in forthcoming sections 
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4.2 Collapse Mode 

The main part of the car is built form steel/metal structures. The energy is absorbed through 
collapse of these. In the crash moment the goal is to keep the deceleration down for the driver 
and passengers. Norman Jones and Tomaz Wierzbiki [1] shows that this is done by having 
structures that can absorb energy over longer time. At the same time the structure should 
absorb as much energy as possible and do so in a controlled manner. In a crash there is 
basically two ways for a crash-box to collapse. First there is bending, which is the natural but 
unwanted collapse mode. The second way is axially collapse. This is what the crash-box 
should be designed to handle. An axial collapse absorbs more energy than the bending 
collapse and the axial collapse is easier to control. To have a controlled collapse mode is very 
important. The desired behaviour is that the box will collapse this way in every type of impact 
so that the energy is absorbed in the right manner. To be able to absorb the energy wanted the 
crash box has to be designed to deform in an axial folding way.  
 
To understand these phenomena and analyse how to absorb the energy a literature study was 
made. The energy absorption by deformation is a widely researched subject that has exploded 
the last couple of years when computer calculation has been more efficient thanks to faster 
and cheaper computer power. The phenomena of beams that collapse can basically be 
described in three ways. 
 

Global bending  
This is the normal way for the beam to collapse, this mode of collapse is the most energy 
efficient way for the beam to collapse and therefore a collapse way that easily occurs. This 
mode is described to the right in figure 4.2 
 
Axial folding 

The axial folding mode of collapse is shown to the left in figure 4.2. The axial folding absorbs 
more energy then the global bending mode.  
 
Axial folding with global bending 

This is a combination of the two previously described modes. Often the collapse can start with 
axial collapse but then turn into a global bending. This is a typical behaviour in collapses of 
structures. 
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Figure 4.2 describes the two collapse modes for a structure. To the left the member is 

collapsed by axial folding and to the right it collapses in a global bending mode. 

 
When the initial peak force is the force that is required for the structure to start its deformation 
the subsequent peak forces are the result of the following deformation when the folding 
pattern occurs. When the folding mechanism has started the bending stiffness is reduced and 
that reduction can lead to bending failure. The maximum load resistance of the column during 
folding is dependent on the corner crush strength. To keep a stable collapse the global 
buckling stress must be greater than the maximum load resistance of the corner. The crushing 
of thin-walled structures is influenced by the geometry of the structural elements, boundary 
conditions and the material properties. Studies from M. Ghannam, M. Niesluchowski and P. 
Chlkeen [3] have shown that deformed rails with equal folds maintain greater rail stability. 
Rail stability is important during deformation as this behaviour insures that the rail will 
maintain axial crushing through the entire event. They have also shown that a box with some 
geometrical discontinuities exhibits axial collapse with less bending compared with a box 
without discontinuities. This leads to the fact that they need less supportive structure. 
 

4.3 Buckling mode 

Buckling is an instability problem described by L.Qing-ming [4] that occurs when a 
construction is exposed to pressure. The phenomena arise when the structure, because of the 
axial loading, undergoes large displacements transversal to the load. There are two types of 
buckling that occurs in a structure, local and global buckling. Global buckling is when the 
entire field buckles in one global instability. Local buckling is when local parts buckle. M. 
Fujikake [5] shows mathematically bifurcation point is reached where the guiding equation is 
divided up to many different solutions, that is the point where buckling occurs. The buckling 
can also be divided into static and dynamic buckling 
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4.3.1 Static Buckling 

Static buckling can be divided into two different categories, Stable and unstable buckling. 
Stable buckling is defined as: in which case displacements increase in a controlled fashion as 
loads are increased, in example. The structure’s ability to sustain loads is maintained. 
Unstable buckling on the other hand is described as: in which case deformations increase 
instantaneously, the load carrying capacity nose-dives and the structure collapses 
catastrophically. 
  
 

 
Figure 4.3 describes the two points Pb and Pmax in the load curve 

 
 Y. Kitagawa, I. Hagiwara and M, Tsuda [6] describes buckling as divided into five steps 
which are described in the text below as well as in figure 4.4 which shows the first four steps. 
 

Step 1 (a) 
The axial load increases rapidly after impact 
 
Step 2 (b) 

When the load reaches a certain point Pb (shown in figure 4.3), buckling first begins to occur 
at the weakest plate of the column. This is called local buckling. Under the influences of this 
local buckling, the other plates buckle one after another, giving rise to a buckling wave. 
 

Step 3 (c) 
The buckling plates can not support the load any more. As the distortion of the plate’s 
increases, stress concentrates at the edges, which correspond to the middle of the half wave. 
 

Step 4 (d) 
When the load reaches its maximum value at point Pmax (shown in figure 4.3), the edges yield. 
As a result, the column collapses and its plates are folded according to the preceding buckling 
wave. 
 
Step 5 

The second buckling and yielding then occur. The subsequent load peaks are lower than the 
initial load peak, because small waves have occurred over the plates as a result of the first 
local buckling. 
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Figure 4.4 shows the four first steps of the buckling. 

 
One of the most important measurements in the energy absorption is therefore the initial peak 
load. If the force needed to start the deformation (Initial peak load) is lower in the side 
member than in the crash box it will lead to the collapse of the side member before the crash- 
box starts to collapse. The adjustment to make the crash-box to be the first entry to collapse 
can mainly be done in two ways. The first is to set the thickness of the metal so that the 
required force for collapse gets lower than the one in the sidemember. This can often be in 
conflict with the demands of energy absorption and intrusion depth that the customer has on 
the crash-box. Another way is to work with the geometry of the structure.  
 

4.3.2 Dynamic buckling 

Higher order mode appears in dynamic buckling as the impact velocity increases whereas the 
first mode appears in static or low speed impact. 
 
In dynamic buckling the buckling load increases approximately after equation 4.1. 
 

iB VP =       (4.1) 

 

Where BP  is the buckling load and iV  is the impact velocity. 

 
According to Y. kitagawa, I. Hagiwara, T. Torigaki [7] the relationship between the static 
buckling mode and the dynamic buckling mode can be described as follows: When the 
dynamic buckling load is in between the nth and the (n+1)th static buckling loads, the nth 
mode appears as the dynamic buckling load.  
 
Buckling wave 

An impact-strain wave occurs with impact in a beam; this strain leads to a so called buckling 
wave. The buckling wave is described by the buckling vector which is a multiple of the 
buckling eigenvalue, according to equation 4.2. 
 

[ ] 0}{ =+ uKK GM λ      (4.2) 

 
Where KM is the material tangent stiffness matrix, KG is the function of internal stress in the 

model, λ is the buckling eigenvalue and {u} is the buckling eigenvector that represents the 
shape of the buckling wave as described in figure 4.5. 
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Figure 4.5 describes the buckling wave’s propagation in a beam. 

 
The theoretical propagation speed c of impact wave which travels in 1-dimensional beam is 
calculated from: 
 

ρ

E
c =       (4.3) 

Where ρ is the density of the material and E is Young’s modulus.  

 

4.3.3 Structural Effectiveness and solidity Ratio 

To be able to compare different geometries with each other, Pugsley [(Pressented in [1]) 
introduced two dimensionless ratios known as Structural Effectiveness and Solidity ratio. 

Structural effectiveness η  is focused on the mean axial crushing force mP  in comparison with 

crossection area A and the characteristic stress 1σ  according to equation 4.4. 

 

1σ
η

A

Pm=       (4.4) 

 
Solidity ratio is defined as a ratio between the crossection area A and the cross-sectional area 
Ac (the area which is enclosed by the crossection) according to equation 4.5. 
 

cA

A
=Φ       (4.5) 

 
These two dimensionless ratios can be used to compare our different crossections. 
 

4.4 Deformation of a cylindrical tube 

 
To get a basic understanding of structural collapse by axial folding the best approach is to first 
look at axial folding of cylindrical tube [1].  
 
A thin-walled circular tube subjected to an axial force can develop axis symmetrical buckling 
pattern shown to the left in 4.6. or non-axis symmetrical buckling pattern (diamond) as shown 
on the two samples to the right in figure 4.6. Research has shown that thicker tubes R/H<40-
45 has a greater tendency to deforms axi-symmetrical and thinner tubes with higher R/H ratio 
has tendencies to deform in a diamond pattern.  
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Figure 4.6 shows symmetrical buckling to the left and diamond pattern on the other two 

 
The length of the folding plates during axial collapse can be calculated according to equation 
4.6 

2

1

3








=

RH
l

π

          (4.6) 
 
where H is the sheet thickness of the metal in the tube and R is the radius of the tube. This 
equation is developed for axi-symmetrical crushing of tubes. It is described in figure 4.7. 
 

 
Figure 4.7 shows a simplified model for the buckling of a circular tube. 

 

Geometrical discontinuities of a cylindrical tube 
According to test done by A.G. Mamalis, G.L. Viegelahn, D.E. Manolakos and W. Johnson in 
ref. [8] the wavelength of buckling was fully restricted by the geometrical discontinuities of 
grooves over the crossection. This was a test applied on tubes with groves in forms of rings. 
This behaviour was found at tubes with a maximum of 7 rings. On tubes with 4 to 5 rings the 
lobes was formed after each ring. In the test there is also concluded that too many groves 
makes the structure collapse like a non-grooved tube. There is also noticed that the maximum 
load is decreased with the increasing of grooves. Important to remember here is the fact that 
in the test with tubes, material is removed. In the formed crash-boxes there are no material 
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losses when the grooves are made which may give another result. In the forming you will get 
thinner sections and the yielding will probably start there. 
 
According to the article by A G Mamalis, D E Manolakos, M B Ionnidis, P K Kostazos and S 
N Kastanias [9] the result of crushing cylinders with external grooves, the wavelength was 
fully restricted by the geometrical discontinuities. But for the specimens with more than seven 
grooves the behaviour approaches that of a non-grooved specimen, with wave length almost 
equal. This phenomena makes it clear that you can over-trigger the system. This causes an 
unwanted behaviour and will make the system weak and unstable. 
 

4.5 Deformation of a square tube 

 
In a squared tube axial folding can occur in two ways [1]. The first one is symmetric were the 
two sides facing each other both buckles outwards and inwards (shown in figure 4.8). The 
other way is where the two facing sides buckle in the same direction, one inwards and the 
other outwards. The symmetric deformation is far more stable then the asymmetric one. 
During the folding process the bending stiffness of the section is rapidly reduced and forces 

the column into bending. This buckling is typical for square tubes with C/H < 40.8. Where C 
is the mean width (half circumference) and H is the sheet thickness. 
 

 
Figure 4.8 shows the two different  folding of a square tube. 

 
The effective crushing distance of a square tube that is symmetrically collapsed is just above 
73% of its initial length according to [2]. The maximum load resistance of the column during 

folding is the corner crush strength [σcc] and the non axi-symmetrical collapse mode has a 
significant lowest mean crushing load. 
 
The relationship between the half-wave length and the ratio between the sides lengths is 
important while determine the stiffness of the column during collapse. Longer columns has 
lower crash stability, this however is not a big problem with the crash-boxes when they are 
quite short. The folding of a square tube can be described with equations as follows 
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     (4.7) 

 
l = the length of the folding plate. 
  

4

λ
=l       (4.8) 

λ = The wavelength of the buckling wave. 
 
When comparing deformation of a square tube and deformation a cylindrical tube there are 
some differenties that has been found. The squared tube is a less effective energy absorber 
than the circular tube. The comparison between a circular and a square tube shows that the 
square tube has 15% smaller crushing force and the structural effectiveness is 1/3 lower then 
the one for cylindrical tubes 

4.6 Deformation of a uniform crossection tube 

 
With help of equation 4.6 it is possible to see that the distance between the deformation peaks 
is bound to grow with an increasing crossection area. In the subject of uniform crossection 
there is hard to find equations and information about their buckling behaviour. To analyse this 
problem there has to be testing of that unique crossection. The only possible analytical 
solution is to use buckling analysis to determine how the specific sample will behave. This 
method is further described in section 4.8.2  
 

4.7 The geometry of the structure 

4.7.1 Triggers 

Triggers are geometrical differences in the structure that are designed to help the structure to 
collapse in the desired way. They are also known as crush initiators or beads. If a member has 
triggers placed in the right places it can help the member to collapse in an axial folding mode.  
The triggers can be shaped in different forms. O. Casselle and T. Tyan [10] have conducted a 
study in this field where they have tried to determine which effect different triggers will have 
on the collapse of the side member. In this study they have kept the location of the trigger 
constant and varied the size, shape and orientation. Their target was to determine which of 
these three characteristics that had the greatest effect on the crush performance. They also 
focus on reaching a low peak force, low subsequent peak forces and large crushing distance. 
Their study concluded that the size of the trigger has the most influence on the results. The 
same result was concluded by Guofei Chen, Xiao Ming Chen, Ming F. Shi, Wayne Li and 
Tau Tyan [11] in their test with trigger holes. They found that the size and the location were 
the most important factors and the shape of the hole had very little importance. 
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To start the collapse in the right way you have to trigger to help the collapse. The first 
triggering should according to [6] help to initiate the buckling so that the collapse should start 
in an axial folding way. Besides helping to initiate the deformation triggers also helps to 
lower the initial peak load. The geometrical deflections has in that way two purposes, first 
initiate the collapse and then guide it in to the wanted collapse mode. A trigger helps to 
initiate and promote an axial collapse in that way that the deflection works as a breaking point 
for the axial forces in the plane and they help to start a buckling process. According to [6] you 
should find the bifurcation points on the crash-box which are the limit-points for the buckling 
wave, see figure 3.9. To help the collapse triggers should be placed in this places to get an 
even collapse mode.  
 

 
Figure 4.9 shows how to trigger a beam according to [6] 

 
 
There are different types of triggers: 
Trigger Holes: Holes that are punched out in the structure to weaken that spot. This type of 
triggers are not so common on the three-part welded crash-box but is often used on for 
example extruded aluminium boxes. 
Edge trigger: These types of triggers are located at the corners. As mentioned in earlier 
sections the corner crush strength is of great importance for the crush load. This triggers helps 
to reduce the initial peak load. 
Concave trigger: The concave trigger helps to smoothen the folding process to keep an even 
load curve. It helps the structure to buckle inwards. 
Convex trigger: The convex trigger work in the same manner as the concave type exempt it 
helps the structure to buckle outwards. 
 
Through out all the research that is made in this field there is one conclusion they all share, 
the triggers on corners is the most influential one. As previously mentioned the corners keep 
the strength in the structure, therefore triggers that interfere with the edges will have greater 
influence than the one that is just located on the sides of the structure. 
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4.7.2 Material influence 

Material properties is of great influence when structures collapse, although in this thesis there 
is just two different materials that is mentioned, HC420LA and HC500LA, so this is of no 
mayor concern. However when the boxes is constructed there are strain rate effects, that have 
to be accounted for since they influence the behaviour of the crash box. 
 

4.7.3 Welding 

Welding is influencing the material properties of the crash-box. Where the box is welded it 
will also be discontinuities in the stiffness of the box. This is something that can guide the 
deformation of the box in different directions. The welding often helps to stiffen the material 
and that makes the non welded areas easier to collapse. This can therefore be used as a form 
of triggering on the crash-box sides. 
 

4.8 Simulations 

To investigate problems around the crash-box systems and the behaviour of buckling 
simulations were made. In these simulations there were basically three programs that were 
used. 
 

4.8.1 I-deas 

This is a 3D-cad software that in this project is used for modelling of crash-boxes, 
bumpersystem and various models that will be used. It is also used for making the finite 
element meshes and for applying boundary conditions and initial velocities and forces for the 
models before simulations.  

4.8.2 FEC 

This is software that is used to translate the simulation model from I-deas to a readable input 
file (Key-file) for LS-dyna to use. In some cases this program is used in the opposite direction 
as well when a partially deformed simulation model is exported from LS-dyna, translated in 
FEC and then again imported to I-deas. 
 

4.8.3 LS-Dyna 

This is a dynamic finite element program that is used to simulate static and dynamic 
problems. This program is used for crash-analysis of the bumper system and also for modal 
analysis and buckling-analysis. 
 
 
Modal analysis 

The modal analysis is made to find the structures natural mode of vibration also known as 
dynamic response. These modes can readily be computed given the elastic and inertia 
characteristics of the structure. The eigenvalue analysis is performed in LS-dyna. To do this 
analysis, implicit solution has to be activated in FEC. In the end of the implicit solution the 
eigenvalue analysis is performed. This is knows as modal analysis. The options to get this 
type of simulation are existing in FEC.  
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Buckling analysis 

Buckling analysis problem is solved with LS-dyna. To do this analysis, implicit solution is yet 
again used. In the end of the static implicit analysis the buckling problem (described in 
equation 4.2) is solved. The main difference compared to the modal analysis is that to get 
result from this analysis you have to apply a force on the model. The analysis uses the applied 
force and calculates multiples from the force when buckling of the system occurs 
 
When using LS-Dyna for buckling analysis implicit solution must be activated [5]. The 
buckling analysis is made in the end of a static implicit solution. Therefore the implicit choice 
must be made in FEC.  When the implicit solver is performed and the loads have been applied 
to the model the buckling problem is solved. 
 
After running the exported UNV-file in FEC some alterations has to be made in the resulting 
KEY-file before LS-dyna can process it and compute the buckling problem. The changes 
were then made in the key-file according to LS-dyna keyword manual [12]. 
 
*CONTROL_IMPLICIT_SOLUTION 
         0         0         0      0.01       0.1         0         0 
         1         0         0         0 
*CONTROL_IMPLICIT_SOLVER 
         0         0         0 
 
To this: 
*CONTROL_IMPLICIT_SOLUTION 
         0         0         0      0.01       0.1         0         0 
         2         0         0         0 
*CONTROL_IMPLICIT_SOLVER 
         5         0         0 
 
The change from 1 to 2 in the solution card was made for using a nonlinear solution of the 
problem. The changes in the solver card were made to avoid negative eigenvalues whereas a 
double precision solver was used. 
 
To calculate the buckling eigenvalue the control_implicit_buckle was added: 
*CONTROL_IMPLICIT_BUCKLE 
         25 
This makes LS-dyna calculate the first 25 buckle modes when the implicit solution is finished. 
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5. The assumed Method 
The crash-box has a complex geometry, which can vary much between different model of 
crash-box. Since the design in matter of height and partly width is quite closely connected to 
the design of crossmember and sidemember this thesis will therefore proceed with the trigger 
placement, which is a big problem area in the design process. Through the theory section the 
logical path for this is to use the buckling wave to help trigger the crash-box. This way the 
triggers can be optimized and therefore keep stiffness in the crash-box and in that way keep 
the weight and cost down. To find the buckling wave in a crash-box with such a advanced 
geometry, buckling analysis has to be used. The assumed method can therefore be summoned 
to a method that uses the buckling eigenvalue analysis to determine how to trigger the crash-
box in an optimal way. 
 
The idea with such a method is to find the natural buckling points for the structure. When 
these points are determined the triggers can be optimized so that they can help to smooth the 
deformation process to keep a high and constant load level. 

5.1 The method 

When using such a method there are there are some basic step to follow. 
 

• Construct a basic crash-box based on given input data. 

• Place restraints on the box. 

• Add forces on the box. 

• Export from I-deas/Catia as UNV file. 

• Make a buckling analysis using LS-dyna  

• Use the results of the buckling analysis to trigger the box for the right deformation 
mode. 
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6. The Simulations 
The simulations were conducted in LS-Dyna. From the beginning all work was focused on the 

E88 crash-box but when that path seemed to complex a simplified box was made. The result 

presented her is the one that was the most interesting of the work and that led this thesis 

forward. 

6.1 Conic Box 

The conic box shown in figure 6.1 and in appendix B was constructed to simulate a very 
simplified crash-box. This choice was made because the E88 crash-box complex geometry 
had too many variables that could affect the results without any knowledge on how each 
variable affected the result. 
 

 
Figure 6.1 shows the simplified conic box 

 
When simulations were made on the box the mesh size on the box was 3-4 mm and the 
material properties were Docol HC420LA with a sheet thickness of 1, 5 mm. 
 

6.1.2 Buckling Analysis 

All the buckling analysis simulations on the conic box were made with a total time of 0.05s 
and during that time the force was applied as a linear ramp-up function with the maximum 
input value at t = 0.05 s. 
 
Influence of constraints on the box. 
When performing the test there can be different constraint on the box, but how does the 
constraints affect the buckling analysis of the box? To determine this, several tests were made 
on the simplified untriggered crash box in 1.5 mm Docol 420 material. The nodes at the end 
of the crash-box were constrained and the nodes on the front of the crash-box as well. On the 
nodes that were constrained in the front nodal forces was applied. 
 
 
The end of the crash box could be locked in two ways: 
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1- Clamped, that means no displacements or rotations allowed 
2- Locked displacements and free rotations.  
 
The front of the crash box has four different ways to be constrained:  
3- Slider x with locked rotations. 
4- Slider x with free rotations.  
 
The cases with all free displacements are ignored whereas that should lead to bending which 
are not interesting here. The test with all displacements locked in the front end, resulted to 
single elements buckling and no interesting results on the box. That leaves four interesting 
alternatives. 
 
1-3 

This model gave us interesting results and at least 5 modes had pattern that actually could 
occur in the buckling process. Buckling mode 1 and 2 was of global buckling character, which 
was of no interest. 
 
1-4 
This one was a bit different from the 1-3 version. The buckling mode 7 from 1-3 here 
occurred at mode 5. Only mode 1 and 2 seemed to follow a buckling pattern that actually 
could occur, although they were of global buckling character. 
 
2-3 

This model is similar to 1-3 with small differences. No symmetric local buckling solutions is 
found. 
 
2-4  

This model shows yet another result on the buckling modes, although this solution was 
regarded as not likely to occur with regards to the fact that the front end has locked rotations 
but not the back. When the different modes are studied there are no modes that shows 
reasonable buckling modes exempt for the first modes that show a global buckling mode. 
 
Result of constraint analysis 

From these four tests the conclusion was made that 1-3 is the most reasonable choice of 
constraint, the free rotations gives strange oscillations which results in non symmetric modes 
with strange and complex behaviour. Overall, there are tendencies that with more free 
rotations a lot of transversal waves occur and there is more rotation around the axis of the 
box. However the 1-4 alternatives can be regarded in some test when rotations in the front can 
be allowed depending on the welding. 
 
Comparison of the conic box 

As a reference to the conic box, a simulation model was made where the box was compressed 
between two rigid planes. The back plane had both fixed displacements and rotations. The 
plane in front of the box was given slider x conditions. The box itself was without any 
restraints. 
The simulation was made with mesh size 4 mm and repeated with three different thicknesses. 
From this simulation the buckling points was measured and put into an excel-file (Appendix 
A). The box has the length of 220mm and the front plane has a movement of 180mm. 
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Modal analysis of the conic box 

First a modal analysis was performed with the back nodes of the box clamped and the front 
nodes as slider x. This was made with the three different thicknesses. The 25 first buckling 
shapes were calculated. The interesting modes here are the ones with wave shaped modes 
along the sides and without any twisting, they should be symmetric. The waves should be 
oriented along the x-axis.  The location of these different deflections was measured so that 
you could se where they were placed. All this data was also assembled in an excel-file. 
 
Buckling analysis of the conic box 

Two buckling analysis was made. At first a simulation of the box when it had locked 
displacements and free rotations in the back end was made. The front end had locked 
displacements in y and z direction but could slide freely in x direction. A force of 500N was 
applied on the same front nodes that had the restraints. This simulation was successful and 
showed promising results. Even though the first buckling modes showed more of global 
buckling. This case with global buckling that occurs in the first modes is a state that occurs in 
all the simulations made. This is a solution that doesn’t give any interesting results. 
 
A buckling analysis was made on the same box as in the modal analysis. The restraints were 
the same as in the modal analysis. Forces was applied on the frontal nodes with the slider x 
constraints. The forces were kept to 1000 N on each node which results in a total of 69 kN. 
The buckling results was handled the same way as the result from the modal analysis and it is 
shown in appendix A  
 
Comparison 
When these results then was compared it could first of all be concluded that the curve for the 
buckling propagation hade the shape of an x2 curve. When the thickness of the material was 
increased the curve was flatten out and started more to look like a linear curve (see appendix 
A). The curve for wave propagation on the top of the box was also more linear compared to 
the curve for the side of the box. These phenomena could be coupled to the fact that the area 
of the sides expands more than the area on the top and bottom of the box.  
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Figure 6.2shows buckling mode 11 from the top. 

 

 
Figure6.3 shows buckling mode 11 from the side. 

6.1.3 Trigged Test 

The data from the buckling analysis was then used to trigger the box. The box that was used 
was in 1,5mm Docol 420 material and had a mesh size of 3mm. The box was trigged in three 
different ways. Two of them related to the previous buckling analysis of the conic box, mode 
9 and mode 11(figure 6.4) and the last one was just a conic box were the triggers was placed 
each 30 mm. The boxes were then compressed between two planes, in the same way as in 
previous section, to se how they would collapse. Each triggered model was also analysed with 
a buckling analysis to see if it was possible to trace how the buckling should occur when it 
was triggered. 
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Figure 6.4 describes how the boxes are triggered; this box is triggered according to 11. 

 
Mode 9 

The first box was triggered using buckling mode 9 from the buckling analysis of the conic 
box. The triggers were placed so that where the buckling wave, corresponding to the buckling 
mode, was directed inward the trigger were also directed inward and placed on the side of the 
box. When the wave was directed outwards then the trigger was placed in the top and bottom 
of the box.  This system was used to get a controlled folding mode. This box started to fold at 
the first trigger on top of the box and did not use the first trigger on the side of the box at all. 
Large deformations appeared at the end of the box.  
 
The test was then compared with the buckling analysis of this model with triggers in place. 
The buckling analysis shows an exact pattern where the buckling occurs. The buckling mode 
1 and 2 can be found in the compressed model as the first and second folding. 
 
Mode 11 
This box was triggered using buckling mode 11 and the corresponding buckling wave in the 
same way as in the previous box. This box also started to fold at the first trigger on the top of 
the box and proceeded backwards; after the box was folded at side triggers 2 and 3 then it fold 
at the first side trigger on the box. The sides on the back of the box did not deform as much as 
the one earlier. Probably because of the extra trigger at the end that helps with the stiffness of 
the edges.  
 
This test is also compared with the buckling analysis of this model with triggers in place. The 
buckling analysis shows an exact pattern where the buckling occurs. The buckling mode 1, 2 
and three can directly be found in the compressed model as the first, second and third folding. 
 
Even placed triggers 

To get a reference triggered box, this box were triggered every 30mm. Beginning with a 
trigger on the sides 30 mm in on the box,  60 mm in on the box triggers was placed on the top 
and bottom and so on. Yet again deformation started at the triggers on the top/bottom of the 
box and proceeded backwards. The deformation here reminded a lot of the one in Mode 11. 
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Modifications of the test 

Because of the fact that there was problem with deformation on the back of the box that 
would not occur in an actual crash-box, the test was repeated but this time they had locked 
rotations and movement in the back. The deformation pattern were the same but the did not 
collapse at the end of the box. 
 
Result 

The responding forces in the box are plotted in figure 6.5. 
 

 
Fig. 6.5 this plot shows the load curve of the three different tests, Green is Mode 9, Red is 

Mode 11 and the blue is evenly triggered. 

 
From figure 6.5 we can se that they follow each other quite good. But there are some vital 
differences in peak load and the sub peak load. From these tests the assumption could be 
made that the triggering on the top/bottom of the boxes has more influence than the triggers 
on the side of the box. To see if that assumption is true two new tests are made where the 
triggers on the top/bottom is removed. To investigate this further buckling mode 11 was used 
in following sections where the conic box was triggered in different ways.  
 



                                                                                        

 36

 
Figure 6.6 the red line represents the box that is just triggered at the sides with triggered 

directed inward. 

 
Figure 6.6 gives a clear idea about the influence of triggers on the top of the box. They help to 
get the peak load down and they also help to keep an even energy absorption during the 
collapse. Important to remember is the fact that because of the dimensions of the crash-box, 
the triggers on the top of the box has also a slightly different impact on the crash performance. 
Also the top triggers has two benefits, they help the top and bottom of the box to deform but 
they also helps to initiate buckling with directions outward of the sides. 
 



                                                                                        

 37

 
Figure 6.7. The line with the highest peak represents the box that is triggered with triggers 

who does not interfere with the corners of the box. The line with the lower peakload is the one 

from mode 11. 

 
Figure 6.7 shows how the responding force behaves when the triggers does not affect the 
corner crush strength. The red curve here is a box triggered with squared triggers but they are 
only placed on the planes of the sides and have not affected the corners of the boxes. The 
green curve has circular triggers that go out over the edges. Apparently this seems to have a 
large influence. However there is still the chance that the different shape is a parameter to take 
into concern. 
 
Triggers sides only 
To get an idea if the big problem here is the triggers, a new analysis were made with a box 
without triggers on the upper/lower sides of the box. Everything else is identical.  
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Figure 6.8. The side triggered box is represented with the curve that is more uneven and the 

box that is triggered on the top and bottom has the more even curve. 

 
Figure 6.8 show that the box with triggers on the top/bottom has a more even curve and lower 
peak forces. Although it is not as even as the box with deflections on the sides. From this the 
conclusion can be made that triggers on the upper side of the box helps the deformation to 
move in the right way and therefore can even out the energy curve. This has been described 
earlier in the theory section. Even though there still are some problems with large 
deformations. The problems with large deflections when the triggers do not interfere with the 
edges are also described in [4] where some different types of beadings are tested. The one that 
does not interfere with the corners has a Pmax close to the untriggered crossection.  
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Figure 6.9. Shows a comparison between the curve for mode 11which is the high more 

constant curve and the curve with second highest peakload is triggered with triggers that does 

not interfere with the corners. The curve with highest peakload is triggered both inwards and 

outward but just on the sides 
 
The curve with the highest peakload show a strange behaviour. This must mainly be 
connected to the triggers that might be in bad condition and has a strange geometry. 
 
Trigger distance 
At some point there may be too many triggers. To investigate this problem a simulation is 
made where triggers is applied on the conic box with even distance. The test is repeated five 
times with different distance between the triggers. The triggers is directed inward and only 
applied on the sides which are shown in figure 6.10. The box is compressed 180 mm in the 
same way as in previous sections. 
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Figure 6.10 describes the conic box with triggers inwards every 20 mm 

0 mm 

The first one is a plain box without any triggers; this one is made to get a reference point for 
the other to be compared to.  
 
20 mm 

The result from this simulation was that the box collapsed inward at the first trigger and then 
it skipped trigger 2 and 3 and buckled inward again at mode 4. Mode 5 and 6 was also 
skipped and at trigger 7 it collapsed inward again. This result shows that a box can be too 
triggered. This model is described in figure 6.10. 
 
30 mm 

A new simulation is made after the same model as the previous one, except this time the 
triggers is 30 mm apart. Here the box was deformed inward at trigger 1, 3 and 6. This takes us 
closer to the minimum distance between the triggers. But the fact that the distance between 
the deformations grows is interesting. 
 
40 mm 

To further investigate this one more simulation was made were the trigger distance was set to 
40 mm. This time the box buckled inwards at trigger 1, 3 and 5. 
 
50 mm 

The box with 50 mm distance between the triggers the inwards deformations occurred at 1, 2 
and 4. This system deforms much more unstable. The back of the box starts to deform in an 
early stage. 
 
The test was done again and this time the back plane was removed and constraints was 
applied on the back of the back, no rotations and no displacements allowed. This was done to 
avoid influence of deformation tat started to occur in the back of the box. 
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No triggers 

This box starts with a small buckle and then the buckling proceeds through out the box with 
growing buckles and a total of three outward lobes occur. 
 
20mm (total 10 triggers) 

The box buckles inwards at trigger 1, 4, 7 and 10 which is the last trigger. This is the same 
results as in the first simulations except for the last trigger. 
 
30mm (total 7 triggers) 

The box buckles inward at 1, 3 and then it is a collapse that starts a bit with 5 and mainly 
occurs at the 6th trigger. 
 
40mm (total 5 triggers) 

The box buckles inwards at trigger 1 and outward at trigger 3, and a small inwards buckle at 
trigger 5. A very strange behaviour. 
 
50mm 

The box triggers inward at 1, then the front collapses and after that the box triggers outward 
between the remaining triggers one by one. Yet again very strange behaviour. 
 
Result 

Whereas the front is free from constraints the first trigger can always help the box front to 
buckle inwards, the question is how this would work if the nodes in front of the box had 
locked displacements. However the results that is obvious here is the fact that the box with 
these boundary conditions always buckles at the first trigger. It buckles with “bigger” buckles 
the further back on the box that it reaches. These points towards the assumption that the 
buckles expands with the area in some way. This is something that might be connected with 
equation 4.7. Here the length of the buckles is dependent on the crossection area and the sheet 
thickness.  
 
From figure 6.11. a comparison between the trigged boxes with clamped back and an 
untriggered box is shown. The biggest difference you could see is that the untriggered box has 
a far greater peak force then the triggered boxes.  
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Figure 6.11shows the comparison of trigger distance influence on force curves. A=20mm, 

B=30mm, C=40mm, D=50mm, E=0mm 

6.1.4 Material influences 

Simulations were made to see which influence the material thickness had on the eigenvalue of 
the box. The model showed better correlations between the actual buckling and eigenvalue. 
However the eigenvalues that may match the buckling has a tendency to correlate more with 
the buckling when the thickness of the boxes is smaller. When the thickness increases the less 
correlation between the eigenvalues and the locations of the buckles can be found. 
 

6.1.5 Test with partially deformed box. 

To se if the buckling changes with deformation a partially deformed box was analysed. The 
box compressed between two planes was exported when it had an initial deflection. The 
model was yet again imported to I-deas. New boundary conditions were applied together with 
forces. Then a buckling analysis was performed on this model. The first buckling mode that 
occurs here is global buckling occuring in the undeformed part of the box. Some other 
buckling eigenvalues with interesting waves occurred but nothing that could be traced to the 
actually buckling. 
 

6.1.6 Linearization 

In the test that were made in part 6.1.2 and sampled into an excel file (appendix A) the values 
were plotted. The curve shown that all the plotted buckling modes had a linear tendency. 
While the buckling process often is nonlinear and grows with the distance. After some test 
there was shown that if the nodal force was chosen as close as possible to the critical buckling 
force Pb then the first buckling mode got a behavior closer to the actual buckling. 
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Figure 6.12 shows the first buckling mode of the conic box with applied force close to Pb 

 
This is a clearly different behaviour of the original global buckling that occurred in the first 
tests where the entire sides buckled in one big buckle at the first mode. Although this was a 
more interesting result than previous, the buckling still starts to far back on the box. The 
natural order should be that it starts in the front. These results were later used in both the E88 
crash-box and the simplified E88 crash-box to se if there were any differences. 
 
The interesting thing here is that the force in a regular buckling analysis can be changed a lot 
but no vital differences appear until the applied force is very close to Pb. This depends on the 
fact that the buckling analysis computes multiples of the applied force and the initial buckling 
that occurs close to Pb can else be too small compared with later modes. 
 
From the initial crash simulation the force when the structure starts to deform can be found a 
Pb can be calculated. 

6.1.7 Joint/welding 

When the initial simulations of the E88 crash-box were made (part 6.2) problems around the 
joint between the two halves arise. To get an idea of how that problem affects the results 
around the joint, the conic box was divided into two halves and simulations were made. The 
problem of double material thickness was also evaluated. 
 
Splitted box 

To get the influence of a box made of two halves and welded together the conic box was split 
in two halves and model with welding in form of nodal rigid element. The top and bottom of 
the box show interesting results witch buckles matching earlier buckling results for the box 
well. However the sides of the box had very strange behaviour.  
 



                                                                                        

 44

Splitted Box new welding 

To investigate the problem is connected to how the welding is applied a new simulation was 
made with the welding simulated as solid elements. The same forces and boundary conditions 
were applied. The result from this simulation did not give the expected results. There might be 
two problems that have to be investigated. First, there was a glitch of 1mm between the two 
halves on both sides. Another other problem can be the fact that were the two halves is 
welded one of the part goes on the outside of the other and for a bit the material thickness is 
therefore doubled, this is a problem that can lead to problems whereas the stiffness of the box 
is significantly higher just on that part of the box. One of the boxes sides shows bigger 
tendencies for buckling. That may have something to do with distances between the two 
halves. The new test where the boxes are moved closer together shows slightly better buckling 
modes, but they are not showing any results that are of interest. 
 
 
Conic box with stiffened areas. 

To investigate the problems around the welding of the two halves the simplified conic box is 
used again. The theory is that teh problems has to do with the fact that the thickness of the 
box is doubled at the joint because of the overlapped welding procedure. When the box is 
meshed, two strips are placed on each side of the box where the welding usually is applied on 
the split box. These two strips are then meshed with doubled sheet thickness compared to the 
rest of the box. This way they will correspond to the problem with the double material in the 
joints between the two halves. The result frm this simulation is quite equal to the one from the 
split welded box. There are no valid solutions that can help with the buckling phenomena. A 
lot more twisting and strange phenomena occur. This must mean that one of the big problem 
with boxes that are welded together is the stiffened area resulted from the double thickness. 
When the results are investigated it can be concluded that this is as much a problem as the 
welding.  
 
Half a Conic Box 

A test was also made to se if the simulation of just one half of the conic box could help to get 
an understanding on how the buckling would occur The result shows buckling along the sides 
and on top of the box, we can not identify them with the same values but something that at 
least indicates results reminding of the modes from the conic box. This investigation did not 
lead to any further conclusions. 
  

6.1.8 Influence from the radius 

When the crash-box is deformed, how much does the radius of the edges influence the 
deformation? Three simulations were made, all with the same geometry as the simplified 
conic box except for the radius on the edges. One was made with 2 mm, one with 8 mm and 
one with 16 mm radius on the edges. They were then compressed by a plane from the front 
and clamped in the backend. The reaction force was evaluated from the plane. The result here 
was that the peak load was lower for the box with 16mm radius and most of that difference 
was from the yielding of the edges. 
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Figure 6.13 The one with the highest peak force and lowest sub peakforce is the box with  

2 mm radius. Second highest peakforce and second highest sub-peakforce is 8 mm radius box. 

Lowest peakforce and highest sub-peakforce is the box with 16 mm radius 
 

6.2 E88 ECE Frontbumper 

6.2.1 Specifications E88 ECE Front bumper 

As a reference project the BMW E88 bumper was chosen, that is the bumper in BMW 1 
series. The demands on the crash box were following: 

• Allowed side rail load Pmax = 100kN 

• Allianz required energy absorption 11 kJ at 16 km/h 

• BMW Tow-hook test standard 
 
The Allianz test is presented in figure 2.7.  
 
The models were made in I-deas 10 NX, simulation and calculations were made in LS-dyna. 
Analysis was made with LS-Prepost. The model is meshed with 3-4 mm mesh and a sheet 
thickness of 1.5 mm. The material used in simulations is HC500LA to compensate for 
possible strain rate effects. The welding is simulated with nodal rigid elements. 
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AZT-test E88 in 1,5mm steel without triggers 

The first simulations were made with crash-boxes without triggers. This is to study the mode 
of deformation that occurred in the crash box when it does not have triggers that can initiate 
the axial folding process. To avoid other influences on the buckling process the crash-box was 
simulated with welding all along the crash-box. From this model it was meant to get an 
analyse howing how the buckling spreads out through the box and where the 
buckling/bending begins. The first test that was made on the crash-box without triggers was 
an Allianz test where the left crash-box without tow hook attachments was crashed into the 
barrier. The model is shown in figure 2.1. 
 
Figure 6.20 shows that bending occur approximately at t = 0,035s. In figure 6.14 it is shown 
that the peak load exceeds the allowed 100 kN.  
 

 
Figure 6.14 shows the force absorbed in the bumper system with crash-boxes in 1.5 mm 

HC420LA. 

 
These results are going to be compared with the results from the existing trigged E88 bumper 
system. 
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Figure 6.15 shows the force absorbed in the ordinary E88 bumper system with crash-boxes in 

2 mm HC420LA. 

 
When the two resultant force diagrams are compared the conclusions is that the trigged 
system has a lower initial peak load and a more even curve then the untrigged system. In the 
untrigged system shown, bigger variances between peak load and “low load”.  
 

 
Figure 6.16 shows a comparison between the crash-box without triggers and the regular 

crash-box with triggers 

 
This comparison is made between an untrigged crash-box with 1,5 mm steel and a trigged 
crash-box in 2 mm steel. The comparison is made to se the mode of collapse. A deformation 
of the rear plate can be noticed in the untriggered version. There is a risk that this 
phenomenon occurs because of difference in welding modeling of the two crash boxes. 
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AZT-test E88 in 2,0mm steel without triggers 

In figure 6.17 it is shown what happens to a bumper system in 2 mm steel without triggers. 
 

 
Figure 5.17 a bumpersystem with crash-boxes in 2 mm HC420LA is to stif and leads to the 

deformation of the sidemember. 

 
As shown in figure 6.17 the crash-box in 2 mm steel is to stiff and that leads to the collapse of 
the side member. The system is also exposed for global bending which affect the right-hand 
side crash-box. This shows that if the crash-box is without triggers then the sidemember can 
support the load and it collapses. With exactly the same test and material with triggers as the 
only difference the crash-box absorbs all the energy and leaves the sidemember intact. This 
can also be seemed in the force diagram for this test in figure 6.18. 
 

 
Figure 6.18 responding force diagram for an Allianz test with unrigged crash-boxes with 

2mm HC420LA and the influence of the sidemember is alsoincluded here.. 

 
Figure 6.18 shows significant difference from the two earlier respons force diagrams. This 
shows a much higher initial peak force, approximately 50% greater than the force in figure 
6.13. That is way above the demand of maximum force of 100 kN. The subsequent peaks are 
not as prominent except at time t = 0,003 s where the bending of the crash box appears. If you 
compare this test with the test of the trigged 2mm crash-box you can from the previous theory 
chapter draw the conclusion that this have to do with the triggers that reduces the initial peak 
load for the crash-box.  
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This comparison shows that there are vital differences between a trigged and an untrigged 
crash-box. The trigged crash-box collapses in an axial folding way. The energy absorption is 
in that way located to the crash-box which is the wanted behaviour. Thanks to the triggers the 
folding process in initiaded in an early stage. What happen when triggers is applied is that the 
peak load is reduced and there is no need for such a large force to start the deformation 
process. 
 

6.2.3 Influence of welding 

Overall important to remember about this comparison is the fact that the welding is in some 
parts on the crash-box located in different places on the triggered crash-box compared with 
the two untriggered ones. In comparison with the crash-box with an even welding along the 
side of the crash-box (fig 5.20) the welding for the crash-box in figure 6.21 is placed in 
sections, as they are when the box is triggered, which helps the crash-box to start the collapse 
in an axial folding way. In the figure 6.20 it is shown that the bending starts at once. In figure 
6.21 the collapse starts in an axial folding way and then passes to a bending collapse. It is also 
shown that the bending/folding yields inward with the barrier.   
 
 

 
Figure 6. 19 shows the energy absorption in the partly welded crash-box 
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Figure 6.20 AN E88 crash-box in 1,5mm HC420LA without triggers crashed in an AZT-

barrier. 

 
Figure 6.21 shows the deformation of an untriggered trig welded crash-box 
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If the deformations of the two crash-boxes are compared we can se that the one with a trigger 
like welding tends to collapse in an axial folding mode before it over goes to a bending 
collapse. The welding in is placed in similar way as in the original crash-box with triggers. 
This can be a way to control the deformation without having to use triggers that will result in 
lower energy absorption.  
 

6.2.4 Analysis on the E88 crash-box 

At first itwas determined how the E88 crash-box should be simulated and how a test model 
should be designed. The first basic models had parts of the bumpersystem attached. This 
resulted in analyses where the frequencies of the eigenvalues of the sidemember, rearplates 
and crossmember contributed to the eigenfrequencies of the system.  
 
Single crash-box with part of cross member and side member attached 
This model was made as a half bumper system. The right part has just been excluded. The 
cross member has been cut of into a small piece just in front of the left crash-box. The 
rearplates and sidemember for the left side were all included in this model. This model shows 
problem in the dynamic analyse whereas without the support of the right box system through 
the cross member it became easier for the crash-box to bend. Eigenvalue analysis gave strange 
results with the wave propagation mostly in the side member and a lot of rotations that had no 
interest in this case. When a single crash-box was crashed into the 10 degree barrier the 
structure bend without any buckling and the collapse was in between the rear plate and the 
side member. That means that the crossmember helps the stabilisation of the crash box. 
 
This model gave strange results that could be a result of the buckling analysis problem. The 
same wave propagation in the entire system occurred here to. This system did not give us any 
interesting information.  
 
Simplified model with just two crash-box halves without rear plate. 

A further simplified model was made where the two half’s of the crash-box was welded 
together with even welds on both sides. No rear plate was included. This is made to reduce the 
influence of the other parts and just focusing on the deformation of the crash-box. Restrains 
was applied on both the back and frontal nodes. Forces were applied in the front end to the 
same nodes as the constraints. The model was then exported as UNV-file and FEC was used 
to transform it to a key file. This model was used in several simulations before result was 
reached. The problem was to get the simulation through whereas negative eigenvalues and 
convergence failures were a constantly returning problem. 
 
After these changes calculations were made, but no result that could be traced to the actual 
buckling was found. There was a lot of twisting and bending and strange behaviour that was 
to far from anything like the expected result. After analysing the results from this test, nothing 
could be traced to the actual buckling that occurred in the crash-box. A problem here might be 
that too many parameters are involved which leads to errors. 
 
Influence of constraints on the box. 
The same tests as  on the conic box were conducted and here the results were quite the same. 
However turning and twisting occurred a lot more and negative eigenvalues was a big 
problem when there were to many free rotations. Therefore the same conclusions as for the 
conic box were reaced. 
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Simplified Front 

To be able to exclude the possibilities that the problems with the strange buckling phenomena 
in the crash-box was due to impropriate force and restraints due to the complex shape of the 
front end of the box, the box was modified with a direct clean edge displayed in figure 6.22. 
This was done because the tongues that often are on the front of the crash-box can not support 
the initial load and therefore buckles in an early stage. 
 

 
Figure 6.22 shows the crash-box with a simplified front end. 

 
This simulation gave interesting results at buckling mode 6. However the displacement factor 
had to be increased quite a bit to se this.  
 

 
Figure 6.23 shows buckling mode 6 

 
This could be the first buckles that we can se in front of the box. An Allianz test with these 
points triggered was done to evaluate this result. In the Allianz test the box started to buckle at 
the triggers and followed an irregular folding mode. This will be further analysed with a 
buckling analysis on the triggered crash-box. 
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Figure 6.24 shows the beginning of the deformation in the crash box triggered from figure 

6.22 

 
After the buckling analysis no correlation could be found between the deformation around the 
triggers and the buckling analysis of the triggered model. The triggered area was ignored and 
a lot of rotations appeared in the box. This is something that is significant for this box; a lot of 
twisting appears in the buckling analysis. This is probably connected to the complex geometry 
of the box. 
 

6.3 New E88 Crash-box 

 
To verify the earlier proposed method a new crash box is built and simulated. The start of this 
is the previously given system with sidemember and crossmember. The shape of the box is 
given by the design of the sidemember. The end of the new box is chopped off in the same 
angel as the cross-member. The box is meshed and boundary conditions is applied (Clamp 
slider-x) the force is set as close as possible to the critical load for deformation. When that is 
done an implicit buckling analysis is made. 
 

 
Figure 6.25 shows the first buckling mode of the new E88 crash-box 

 
The first buckling occurs in the front of the box with extreme point 33mm in on the box and 
that is on both sides. This is very interesting and can be the location of the first buckle of the 
box. To verify this we have to do new simulations of other models with load close to the 
critical load. 
 
The box is inserted in a system and an AZT test is made. 
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Figure 6.26 shows the development of the crash in the new E88 crash-box 

 
When the buckling analysis is compared with the AZT-test it is obvious that the box starts to 
deform just in the beginning of the box and not as the buckling analysis has suggested 33mm 
in. To see if this has something to do with the locked rotations in the front a new buckling 
analysis is made to see if that is more accurate to the result from the AZT test. 
 

 
Figure 6.27 show the new E88 crash-box without locked rotations in buckling analysis. 

 
The result of the new buckling analysis is shown in figure 6.27, when it is compared with the 
result in figure 5.24 there is one vital difference. According to this the buckling appears 
earlier in on the crash-box. That is most obvious at the left hand side where it appears 14.3 
mm in on the box compared wit 33 mm on the previous crash-box.  
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7. Result 
To get a controlled collapse mode with high energy absorption and low weight there has been 
showed that the triggers should be placed in the specific way. This way is to use the natural 
buckling mode of the structure and the trigger influence can be kept low for the load bearing 
capacity. The triggers should therefore be placed on the extreme points of the bucklingmodes 
of the structure. 
 

7.1 Triggers 

The size of the triggers is of great importance. Studies have shown that the trigger size has a 
great influence on the stiffness of the structure. The size has significant greater impact than 
the shape of the triggers. Therefore the triggers should be held as small as possible to keep a 
high energy absorption capacity in the structure. 
 

7.2 Use of Modal analysis for determination of the design 

The first part of the thesis was focused on a literature study. In this part no vital information 
regarding the eigenvalue/eigenvector relation with deformation process was found. Although 
these negative results some simulations were made to out rule the possibility. There was a 
great difference in the buckling behaviour and the eigenvector. The only conclusion available 
is that the eigenvalue analysis is not the way to reach a method for optimizing the 
development of the crash-box. 
 

7.3 Use of buckling analysis for determination of the design 

The results from the literature study showed great promises in faster reaching an optimized 
design of the crash-box. Buckling analysis seems to be a logical way to proceed in the 
analysis of how a crash-box will deform and how to help it deform in an efficient way. The 
results reached in the buckling analysis part are very interesting in a lot of cases. The test 
shows that to get a god result from the buckling analysis the correct forces should be used on 
the structure. When the nodal forces are added to the box they should be just below Pb for the 
structure. This way the linear buckling equation 4.2 is solved as closed as possible to the 
collapse of the structure. This way the linearity of the equation is minimized and it acts like it 
is a non linear buckling phenomena 
 
When the method is used on an E88 crash-box, the structure is too advanced to give results 
that can be used in further development. All the simulations on the conic box gave us 
interesting results that could be of use in a further design step. However one of the big 
problems was when we got double surfaces in the joint between the two halves. Even when a 
new and simplified model of the E88 crash-box was tested strange results were obtained. The 
buckling analysis showed a buckling mode that started in a logical area but when it was 
compared with an actual AZT-simulation model, there were great differences. 
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7.4 Further Results 

For design of crash-boxes there are some things that can be good to have in mind. The main 
criteria is that the structure needs stability to deform axially. This can be helped in different 
ways. 
 

7.4.1 Conic design 

To make the design of the crash-box conic will help the structure to deform in an axial folding 
way. This is because the conic sides help to support the structure even when the deformation 
has started to occur. Therefore the designer should aim to find a conic solution. 

7.4.2 Propagation of the Bucklingwave 

Through out the test with triggers on the conic box there was a proved behaviour for the 
buckling to be unaffected by triggers and buckle with increased distance between each buckle. 
This behaviour was also shown when the conic box was compressed between two planes and 
when entire bumper system was tested. A connection was made to equation 4.7 was made 
which shows that the size of the folding plates is connected to the thickness of the material 
and the size of the crossection.  
 
Even though the buckling wave could not be found with the help of buckling analysis studies 
and simulations has shown that the size of the buckles increases with the crossection area. 
Therefore the distance between the triggers should be greater the further back on the crash-
box they are placed. This is for a conic crash-box. If the crash-box has a uniform crossection 
area then the distance between each trigger should be equal. If it has a square formed 
crossection equation 4.7 could be used to determine the distance between the triggers. 
 

7.4.3 Welding influence 

When the box is welded together it is important to notice that the welds makes an area stiffer 
and therefore that area will not bend as easy. In this way the welding can be used as triggers 
and should be placed in areas where there are no expected buckling points. 
 

7.4.4 Symmetrical folding 

When the crash-box is deformed, the design should promote an axi-symmetrical folding 
collapse described in figure 4.8. This helps the structure to keep its stability and there for the 
system could be designed more slender and save weight compared with a system triggered for 
non axisymmetrical collapse. 
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8. Discussion 
 
The focus in this thesis was a method based on an eigenvalue or buckling analysis. The main 
effort was in that area but useful results could not be found for crash-box design. 
 
Lot of time and effort was put into getting a functioning buckling analysis of the E88 crash-
box. The approach to start with an existing crash-box was not an optimal way to proceed. The 
study should have started with a simplified crash box like the conic box used in part 6.1. 
However that was a result after extensive work with the E88 box.  
 
A lot of the problems were coupled to convergence failures and negative eigenvalues. These 
problems could appear in strange places where the force had been constant for several time 
steps. Some times the problem could depend on the fact that the force was to large and the 
box turned itself inside out. Finally these problems were solved by using a non-linear slution 
and a doubleprecision solver in LS-dyna. This solution however added time to the simulation 
and more computer power was needed. 
 
The crash-box shows a complex behavior and the deformation pattern for this is hard to 
specify. The use of buckling analysis or eigenvalue analysis can not help to design crash-
boxes with such advanced geometry as the E88 ECE frontbumper.  
 
To simplify the design process there is some work that could be done where this thesis failed 
to obtain useful results. The optimization of the triggers shape and size can be a way to 
continue. This could help to get the weight down if the triggers influence could be optimized 
by use of systematic optimization methods. 
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Appendix A 
 
Table A1 shows the buckling of the sides, the distance is measured in millimetres from the 

front of the box and gives the location of the buckling. 

Actual buckling Buckling Mode 7 Buckling Mode 9 Buckling Mode 11 

[mm] Direction [mm] Direction [mm] Direction [mm] Direction 
8,3 In 27 In 19,5 In 15,4 In 

27,5 Out 83 Out 63,3 Out 47,8 Out 
63,4 In 122 In 98,5 In 79,2 In 

114,3 Out 157 Out 133,2 Out 110,3 Out 

165,1 In 204 in 168 In 142 In 
    204 out 173 Out 

      204 in 
 
Table A2 shows the buckling of the top and bottom, the distance is measured in millimetres 

from the front of the box and gives the location of the buckling. 

Actual buckling Buckling Mode 7 Buckling Mode 9 Buckling Mode 11 

[mm] Direction [mm] Direction [mm] Direction [mm] Direction 

15,7 Out 27,6 Out 22,2 Out 16,1 Out 

39,3 In 84,7 In 63,5 In 52,8 In 
74 Out 125,4 Out 99,2 Out 82,3 Out 

110,5 In 161,4 In 132,8 In 110,5 In 
161,2 Out   168,5 Out 140,1 Out 

      175,5 In 

 
 

Figure A1 shows the values from table A1 graphical 
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Figure A2 shows the values from table A2 graphical 
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Buckling of the sides
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Figure A3 shows the buckling of the sides graphical 
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Figure A4 shows the buckling of thetop/bottom graphical 
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Appendix B 

 


