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ABSTRACT 

The State of Florida acquires over 300 cutaway buses every year. The increasing popularity of such 

buses raised concerns about passenger safety and overall crashworthiness of this transportation mode. 

Dimensions of the cutaway buses and their two-stage manufacturing process made them exempted 

from safety standards which were developed for smaller passenger cars as well as for large coaches. 

To fill this gap, cutaway bus manufacturers try to demonstrate the strength of their bus roof structures 

by using FMVSS 220 standard, which follows conservative quasi-static load tests for school buses in 

the US. However, more advanced, dynamic based safety standard - Regulation 66, was developed in 

Europe. It is based on a dynamic rollover test which more closely resembles an actual rollover 

accident. A cutaway bus is placed on a tilt table 800 mm above a concrete slab. The bus is tilted until 

it falls and impacts the concrete deck and the deformation of the sidewalls is measured in order to 

check if there is any intrusion into a so called ‘survival space’. This standard was endorsed by 44 

countries through the United Nation resolution. However, the Regulation 66 standard does not specify 

all the parameters regarding the rollover test. From multiple tests it can be observed that the friction 

between the vehicle and the concrete slab which is being impacted by the bus has an influence on the 

outcomes of the experiment and has great contribution to either a positive or negative assessment of 

the crashworthiness of a tested vehicle. 

This Master thesis focuses on the friction parameters between the impacting cutaway bus and a 

concrete slab used in the Regulation 66 standard. Due to dynamic nature of the experiment, the impact 

of the bus exerts a high normal force on the concrete slab. Together with an uneven and non-standard 

geometry of the elements in contact with the concrete deck the standard coefficient of friction found 

in the literature or obtained using standard tests may not hold. The proper assessment of this 

coefficient is important since many rollover tests are carried out numerically using Finite Element 

Methods. The use of numerical analysis reduces the cost of an expensive full scale rollover test. 

However, it requires verified and validated parameters in order to consider the results trustworthy. 

The experimental part of this thesis consists of designing and carrying out experiments to evaluate the 

coefficient of friction for an impacting cutaway bus and a concrete slab. The results from the 

experiments are incorporated into an explicit computer code LS-DYNA, which is used for numerical 

analysis of the cutaway buses. The final outcome of this thesis will be validating the coefficient of 

friction used in the Finite Element Analysis which will lead to improvement of the Finite Element 
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models and will be used to check the influence of the coefficient of friction on vehicle structure 

deformation (Deformation Index) during rollover accidents.
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CHAPTER 1 

INTRODUCTION 

Cutaway bus transportation in North America is increasing in popularity as each state acquires more 

of these vehicles each year. However, this increasing trend has raised concerns about passenger safety 

and overall crashworthiness of this transportation mode. 

The main safety concern is that cutaway buses are designed and built in a specific way which 

distinguishes them from other types of commonly used buses in transportation. The most significant 

difference is their assembly process. Unlike large coaches, the cutaway buses are built in two separate 

stages [Bojanowski et al., 2011]. In the first stage, the vehicles chassis with the driver’s cab is built by 

a major car manufacturer. Next, a smaller company adds a passenger compartment structure per client 

request. The main issue of such a process is that the smaller companies in contrast to major automotive 

manufacturers cannot afford conducting the same level of R&D and testing. Another feature that 

makes these vehicles unique is the lack of applicable crashworthiness standards in the United States. 

Cutaway buses often exceed the 10,000 lbs. Gross Vehicle Weight Rating (GVWR) which in 

combination with the two stage manufacturing process exempts them from most federal safety 

standards.  

In order to improve the safety and crashworthiness of this transportation node an extensive research 

program was initiated in 1999 by the Crashworthiness and Impact Analysis Laboratory (CIAL) located 

at the FAMU-FSU College of Engineering in Tallahassee FL. Experimental testing procedures and 

computational mechanics studies were initiated in order to accurately assess the overall 

crashworthiness of the cutaway buses [Kwasniewski et al., 2009]. For the purpose of assessing the 

safety of these vehicles, an international standard which has been accepted by more than 40 countries 

in the world, which is the UNECE Regulation 66 (ECE-R66) [UNECE, 2006] has been adopted and 

set as the major standard for this evaluation. The ECE-R66 defines a safety space (residual space) that 

needs to remain intact during a specifically conducted rollover test. The test consists of placing the 

bus on a flat tilt table and slowly tilting to an unstable equilibrium position. Then, the bus under its 

own weight, falls into an 800 mm deep, smooth concrete ditch and the deformation of the sidewalls 

is evaluated. 
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The purpose of this thesis is to investigate the impact of the coefficient of friction between the bus 

structure and the concrete impact surface in order to evaluate its influence on the overall outcome of 

the rollover test. A multi-level friction testing program was established, different devices were 

designed and manufactured in order to carry out the designed tests. Additionally, an initial analysis on 

the influence of the coefficient of friction on the injury of passengers during a rollover scenario has 

been conducted. The analysis of the rollover and the assessment of the injuries has been analyzed with 

the use of computational mechanics and Finite Element Methods. The FE part was carried out with 

the use of LS-Dyna, which is an explicit, non-linear finite element solver. Used Finite Element models 

were developed by the Crashworthiness and Impact Analysis Laboratory and the Dummy models 

were obtained from the Livermore Software Technology Corporation [LSTC, 2015].  
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CHAPTER 2 

LITERATURE REVIEW 

Prior to beginning any physical experimental testing of the coefficient of friction and its impact on the 

rollover scenario, a thorough research was conducted in order find any relevant publications and data 

needed for the purpose of this research. Also, a research on the general statistics, mechanism of a 

rollover accident and previous computational mechanics experiments was conducted in order to 

obtain greater understanding of the given topic.  

2.1 General Rollover Statics 

Rollover accident are recognized as the most dangerous accident scenarios for buses [Matloscy, 2007]. 

Even being a rare event, since only 4-5% of all bus accidents are rollovers, they are the cause of nearly 

50% of serious and fatal injuries [Gepner, 2014; Martinez et al., 2013]. The statistical data for cutaway 

buses accidents is not easy accessible. Not many countries keep track of bus accidents, especially 

cutaway buses. That is why many researchers use ordinary bus data to evaluate the seriousness of 

rollovers accidents in their research [Bojanowski, 2009; Gepner, 2014]. One of the most useful tools 

for obtaining bus accident data for the United States is the Fatality Analysis Reporting System (FARS). 

FARS is a database providing yearly data regarding fatal injuries suffered in vehicle traffic crashes 

[NHTAS, 2014]. The most recent published FARS data, which is for the year 2012, is shown in Table 

1. In 2012 there were about 127 million cars registered in the United States, and they were involved 

in more than 18,000 fatal accidents. According to this data, out of nearly 765,000 buses registered in 

the United States in the year 2012, there were only 249 fatal crashed involving buses. This results in 

about 140 lethal accidents per 1 million passenger vehicles registered, and more than 300 fatal 

accidents per one million buses. According to this data, there were only 11 rollover accidents out of 

all 251 fatal crashes involving buses (which makes it 4.4% of all bus crashes). Nearly 32% of all bus 

accidents with fatalities were associated with the bus rollover. Although, the selected FARS data does 

not specify the number of fatalities in each of the bus accidents, it shows general statistics and the 

ratio of vehicle to bus accidents which have occurred in the US during the year 2012. 
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Table 1. Passenger vehicles and buses involved in fatal crashes. Fatality Analysis Reporting System (FARS). Data for the 
year 2012. 

Vehicle type 
Passenger cars Buses 

Crashes with Bus 
fatalities 

Number [%] Number [%] Number [%] 

Registered vehicles 127,091,286  764,509    
Miles traveled 

(millions) 
1,377,833  14,755    

Miles traveled per 
vehicle 

10,841  19,299    

Fatal crashes 18,092 100.0 251 100.00 22 100 

 
Rollover 

No 15,284 84.5 240 95.6 15 68.2 

Yes 2,808 15.5 11 4.4 7 31.8 

Fatal crashes /1mil 
vehicles 

142.35  328.32  28.78  

Fatal crashes /1mil 
miles 

1.31  1.70  0.15  

 

Starting from the year 2011, a separate category in the FARS database has been created. The new 

category specified as “Van-Based Bud (GVWR>10,000 lb.)” was created in order to accommodate 

cutaway buses and separate them from “Other Bus” category. Unfortunately, this category describes 

buses with a Gross Vehicle Weight Rating (GVWR) over 10,000 lbs. Which means that many of the 

cutaway buses produced nowadays are not included in this category and still remain in the “Other 

Bus” section of the FARS database. Nevertheless, the data collected throughout the years 2011-2012 

can still be used to obtain a general view on the cutaway bus accidents. The collected data for the years 

2011 and 2012 is shown in Table 2 and Table 3. This data shows, that in the year 2011 only 6 out of 

55 van-based buses were rollover accidents. However, they have contributed to a total of 36% of all 

fatal injuries and their injury rate for the most severe injuries is nearly 3 times higher than for ordinary 

accidents. Out of all 26 injured passengers, 4 experienced incapacitating injuries (15%) and 5 were 

killed (19%). This gives a 2.5 times greater passenger death ratio when compared to non-rollover 

accidents involving van-based buses. The FARS data for the year 2012 shows that all of the passengers 

involved in a rollover accident in a van-based bus had experienced injuries. The data shows that 5 out 

of 12 passengers involved in a rollover accident have experienced fatal injuries (nearly 42% of injured 

passengers) and 33% have experienced incapacitating injuries. 
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Table 2. Data for van-based bus accidents resulting with at least one fatality in the crash. Fatality Analysis Reporting 
System (FARS). Combined data for years 2011. 

2011  All Van-Based 
Bus FARS Data 

No Rollover Rollover 

Number [%] 
Avg. per 
accident 

Injury 
rate 

Number [%] 
Avg. per 
accident 

Injury 
rate 

# of Accidents 49 6 
# of Passengers 122 100 2.49  26 100 4.33  
No Injury (O) 43 35.2 0.88 

1.429 

1 3.8 0.17 

1.167 
Possible Injury (C) 11 9.0 0.22 1 3.8 0.17 
Non-incapacitating 
Evident Injury (B) 

16 13.1 0.33 5 19.2 0.83 

Incapacitating 
Injury (A) 

36 29.5 0.73 

1.061 

4 15.4 0.67 

3.167 Fatal Injury (K) 9 7.4 0.18 5 19.2 0.83 
Injured; Severity 

Unknown 
7 5.7 0.14 10 38.5 1.67 

Unknown 0 0.0 0 0 0 0 0 0 
Total (with injury 

data) 
122 100   26 100   

 

Table 3. Data for van-based bus accidents resulting with at least one bus occupant fatality. Fatality Analysis Reporting 
System (FARS). Combined data for years 2012. 

2012  Severe Van-
Based Bus FARS 

Data 

No Rollover Rollover 

Number [%] 
Avg. per 
accident 

Injury 
rate 

Number [%] 
Avg. per 
accident 

Injury 
rate 

# of Accidents 7 3 
# of Passengers 29 100 4.14  12 100 4.00  
No Injury (O) 3 10.3 0.43 

0.714 

0 0 0 

1.00 
Possible Injury (C) 0 0 0 0 0 0 
Non-incapacitating 
Evident Injury (B) 

2 6.9 0.29 3 25.0 1.00 

Incapacitating 
Injury (A) 

15 51.7 2.14 

3.429 

4 33.3 1.33 

3.00 Fatal Injury (K) 9 31.0 1.29 5 41.7 1.67 
Injured; Severity 

Unknown 
0 0 0 0 0 0 

Unknown 0 0 0 0 0 0 0 0 
Total (with injury 

data) 
29 100   12 100   

 

One of the main conclusions which can be obtained from the above data is that rollover accidents, 

although rare, are one of the most deadly from all accidents. It shows that cutaway buses need 

attention when it comes to their crashworthiness and the improvement of their safety should seems 

to be necessary. 
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2.2 Cutaway Buses Safety Standards Review 

Currently there are two main standards which are being used for assessing the safety of bus vehicles. 

In the US and Canada buses are subjected to the Federal Motor Vehicle Safety Standard 220 (FMVSS 

220) which is titled “School Bus Rollover Protection [US DOT, 1998]. This standards is dedicated for 

assessing the performance of school buses, but it is frequently used in the industry for establishing 

performance of other buses produced in the US.  

The other standard, used for evaluating the crashworthiness of buses, is the United Nations Economic 

Commission for Europe Regulation 66, which is titled “Uniform technical prescriptions concerning 

the approval of large passenger vehicles with regard to the strength of their superstructure” (ECE-

R66) (UNECE, 2006). Currently, this standard is the most commonly used standard in the world, 

being accepted by over 40 countries over the world [Bojanowski, et al., 2011]. A modified version of 

the ECE-R66 standard is being used for cutaway buses acquired by the state of Florida, which is the 

“Crash and Safety Testing Standard for Paratransit Buses Acquired by the State of Florida (FDOT 

Standard), [FDOT, 2007]. 

2.2.1 FMVSS 220 

The Federal Motor Vehicle Safety Standard 220 (FMVSS 220) is based on the concept of measuring 

the resistance of a bus roof structure to a statically applied force, which is equal to 1.5 times the weight 

of an unloaded vehicle [US DOT, 1998]. The bus is placed on concrete supports in such a way that 

its suspension system and tires do not come in contact with the ground. The bus frame is fixed to this 

supports and the load is applied to the roof structure using a flat rectangular plate, with the loading 

rate not exceeding 12.7 mm/s (0.5 in/s). For vehicles with a gross weight of more than 10,000 lb., the 

loading plate has to be 12 in. shorter than the roof and 36 in. wide. Vehicles with a weight of 10,000 

lb. or less, the loading plate should be 5 in. longer and 5 in. wider than the roof dimension. The vehicle 

is considered as safe if the maximum vertical displacement of the roof does not exceed 130.2 mm 

(5.125 in) and the emergency exits remain operable after and during the test. This standard and testing 

procedure is frequently used by school bus manufacturers around the US. Figure 1 shows a graphical 

representation of the test with a loading plate and force application points. 
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Figure 1. Graphical representation of the FMVSS 220 testing procedure. 

 

2.2.2 ECE Regulation 66 (ECE-R66) 

The Regulation 66 standard, unlike the FMVSS 220 is based on an actual, full scale rollover test. The 

purpose of the UNECE R66 is to test the vehicles superstructure and ensure that it does not penetrate 

into a so called ‘residual space’. If the defined residual space remains intact during the rollover, then 

the test is considered as passed. The test is carried out on a tilt table setup, where the bus is being 

tilted until the moment of instability and begins falling down due to the force of gravity. The vehicle 

impacts a concrete plate, which is located 800 mm below the level of the tilt table. The angular velocity 

of the tilt table should not exceed 5 degrees per second. A graphical representation of the R66 test 

procedure is shown in Figure 2. 

 

 

Figure 2. Representation of the ECE R66 testing procedure [Bojanowski, 2009]. 
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The dimensions of the residual space were defined by Matolscy, (2007), where the author analyzed 

over 300 bus accidents and established a definition of a Protectable Rollover Accident (PRA), in which 

the passengers should remain protected during an accident. The author’s findings conclude that if the 

residual space was breached, then the fatality rate of passengers was 15 times higher and serious injury 

rate was nearly 4 times higher as compared to a scenario where the residual space was intact. The 

concept of the residual space is shown in Figure 3. 

 

 

Figure 3. Florida Standard definition of the survival space (residual space) [FDOT, 2007]. 

 

2.2.3 Florida Standard 

The Transit Office of the Florida Department of Transportation (FDOT) has been purchasing many 

cutaway buses over the recent years. The efforts of selecting the best quality buses with the highest 

crashworthy characteristics has resulted in the development of Florida Standard for Crashworthiness 

and Safety Evaluation of Paratransit Buses (known as the Florida Standard) [FDOT, 2007; 

Bojanowski, 2009; Bojanowski, Kwasniewski and Wekezer, 2013]. 

The Florida Standard is an extension of the ECE-R66 standard, which defines a value of the 

Deformation Index (DI) which is a measure of the deformation with relation to the residual space. It 
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is defined as a combination of deformation angles which occur with development of plastic hinges 

within the bus passenger compartment (Figure 4) and is given by the following formula: [Bojanowski, 

2009]. 

 

( ) ( ) ( )21 tantan αα ∆⋅
−

+∆⋅=
d

lh

d

l
DI

    
(1) 

 

where: 

l –   distance from the floor to the plastic hinge in the sidewall of the bus 

h –  height of the residual space (1250 mm) 

d –  horizontal distance from the side wall to the top corner of the residual space (400 mm) 

 

 

Figure 4. Residual space (RS) dimensions and Deformation Index concept. 

 

The Deformation Index defined in such a way can be used to assess a safety margin of the tested 

structure. The passenger compartment design is considered as inacceptable if the DI is greater than 1, 

which in practice means that the residual space has been compromised and the test is considered failed 
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according to the Regulation 66. In addition to the pass or fail criteria imposed by the ECE-R66 

specification, the FDOT FL-Standard introduced a one to five star rating system. The number of stars 

awarded is based on the deformation index values for both the front and rear of the bus structure. It 

is shown in Table 4. 

 

Table 4. FL-Standard rollover star rating. 

Star Rating Required Deformation Index 
* ≤ 0.90 

* * ≤ 0.85 
*** ≤ 0.80 
**** ≤ 0.75 
***** ≤ 0.70 

 

2.3 Coefficient of Friction 

For the purpose of this thesis, an investigation of the available literature on the subject of friction and 

its impact on rollover accidents has been performed. Different experimental concepts and the general 

concept of the coefficient of friction have been presented. 

2.3.1 General Concept of Friction 

Friction, by definition, is a force resisting the relative motion of any two surfaces sliding against each 

other. Friction can be categorized as one of the types: 

• Dry friction, which resists relative lateral motion of two solid surfaces which are in contact. 

Dry friction can be divided into static and kinematic friction. 

• Fluid friction, which is the friction between layers of a viscous fluid that are moving relative 

to each other.  

• Lubricated friction, where a lubricant fluid separates two solid surfaces.  

• Skin friction, which is a component of drag, the force resisting the motion of a fluid across 

the surface of an object. 

• Internal friction, which is the force resisting motion between elements from which a solid is 

composed of during the deformation. 

https://en.wikipedia.org/wiki/Surface
https://en.wikipedia.org/wiki/Viscous
https://en.wikipedia.org/wiki/Lubricant
https://en.wikipedia.org/wiki/Drag_(physics)
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For the purpose of this thesis, only dry friction will be taken into account as it is the primary friction 

occurring during rollover accidents. The Coulomb friction, name after Charles-Augustin de Coulomb, 

is an approximate method used for calculating the force of dry friction. This method is governed by 

the equation: 

 

 �� ≤  � × �� (2) 

 

Where: 

– �� is the force of friction between the two surfaces. It is parallel to the object surfaces and in 

the opposite direction of the applied force. 

– � is the coefficient of friction, 

– �� is the normal force, directed perpendicular to the surface and exerted by each surface on 

the other. 

The Coulomb friction �� can take any value between zero to ���, and the direction of the friction 

force is always opposite to the motion that surface would undergo in the absence of friction. For the 

static case, the frictional force is what it must be in order to prevent motion between the surfaces; 

which means it balances the force tending to cause such motion.  

The three most elemental laws of dry kinetic friction are as follows [Beer, et al., 1996]: 

• Amonton’s: The frictional force is directly proportional to the applied load. 

• Amonton’s Second Law: The force of friction is independent of the apparent area of contact. 

• Coulomb's Law of Friction: Kinetic friction is independent of the sliding velocity. 

However, the value which we are interested the most in this thesis it the coefficient of friction, which 

is often symbolized by a Greek letter �. The coefficient of friction is a dimensionless scalar value 

which describes the ratio between the frictional force between surfaces and the normal force which is 

pressing them together. The coefficient of friction is an empirical measurement, which means that it 
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cannot be found through calculations and must be measured experimentally. The formula for the 

coefficient of friction is simply given by: 

 

 � =
���� (3) 

 

The coefficient of friction for different combination of materials has usually the value between µ=0.3 

and µ=0.6. However, some materials such as Teflon can have a coefficient of friction on the level of 

µ=0.04. Some materials, especially rubber type materials can have a coefficient of friction above the 

value µ=1.  

What is also important about the coefficient of friction value, is that it is not constant for a selected 

combination of materials. The value of the coefficient should be considered as a system property, 

which is dependent on conditions such as: temperature or the geometric properties of the contact 

surfaces. 

2.3.2 Friction Testing Methods 

A variety of testing machines exist for the purpose of friction testing. Besides special purpose devices 

used for testing this coefficient for a combination of irregular or industry specific combinations, there 

are two most universal concepts of machines which can be applied for testing nearly all combination 

of materials. The first type of the testing device (Figure 5), is a machine which measures the coefficient 

of friction based on a friction angle concept. It measures the angle at which the tested material begins 

to slide on the tested surface. One of the materials is being clamped in the device and the other is 

placed directly above it. Then the device is tilted until the freely placed sample begins to slide. The 

angle at which this happens is being recorded. Then the test is being repeated and the device is tilted 

a couple of degrees before the expected sliding occurs. A small force or a ‘poke’ is applied in order to 

check if the sample will begin to slide. The angle at which the sample will slide after the small force 

application is being recorded and using universal laws of physics, both the kinematic and static 

coefficients of friction can be evaluated. 



13 
 

 

Figure 5. Coefficient of friction testing device [Testing Machines, Inc., 2015]. 

 

The second type of devices are more common in testing coefficients of friction for various material 

combinations (Figure 6). The device comes with an automatic pulley system and a set of electronic 

measuring devices. The concept of testing is that one of the materials loaded with any desired force is 

placed on a so called ‘friction table’ where the second material is attached. Then the sample is being 

pulled by a wire or rope with an attached load cell. The load cell is used to read the value of the friction 

force while the sample is being pulled. Finally the weight of the tested sample is measured and the 

coefficient of friction can be obtained using simple calculations. This kind of devices usually come in 

two different setups. One of the configurations is where the samples is being pulled in the same plane 

as the friction force occurs. This kind of devices are used mainly for small laboratory testing or in-situ 

testing due to their simplicity. The other type of configuration is where the sample is pulled with a use 

of a pulley system. The load cell is located on a vertically moving crosshead which pulls a steel wire 

upwards. The wire goes through a pulley system with a low coefficient of rolling friction and eventually 

moves the testes sample horizontally across the ‘friction table’ with an installed tested material. 

Frequently such devices are being sold as an additional instrument to already existing tensile strength 

testing machines. Depending on the size and configuration of the device, most material combinations 

can be tested.   
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Figure 6. Coefficient of friction testing devices with and without the use of a pulley system [IMADA, 2015]. 

 

Besides ordinary testing techniques, some researchers have adopted a different way of testing the 

coefficient of friction, especially when it comes to testing of relatively large samples. Marzougui et al. 

(2000) have proposed a concept of performing full scale friction tests with a use of a load cell system 

and a moving vehicle (Figure 7). The concept of the test was to pull a concrete sample on an asphalt 

surface, where the sample was attached with a steel wire and a load cell device to a constant speed 

moving truck. 

 

 

Figure 7. Full scale coefficient of friction testing concept [Marzougui et al., 2003]. 
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Very similar concepts are being used in testing of pavement to tire friction coefficients. A vehicle 

attachable trailer is frequently used (Figure 8), where the tested sample is being locked and pushed 

towards the surface. The device comes in different configurations depending on the producer. Some 

of the devices are commonly used by airports to perform constant surface friction tests. This 

equipment usually collects data not only about the current coefficient of friction, but also serves as a 

weather information system, testing temperature, humidity and other surface conditions (Figure 9). 

 

 

Figure 8. Ground friction measuring device [Dynamic Research, Inc., 2015]. 

 

 

Figure 9. Airport coefficient of friction and weather conditions testing device [ASFT, 2015]. 
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2.3.3 Review on Other Researchers Work on the Coefficient of Friction 

Although the topic of Finite Element modelling of rollover accidents is not unusual, different 

researchers use different approaches when it comes to incorporating the friction parameter into their 

computational model. For instance, Li et al. (2012) in their coach rollover study, have incorporated a 

friction parameter µ = 0.7, which according to Rabbat et al. (1985) represents the upper bound of the 

friction coefficient between steel and concrete grout. Bojanowski (2009) and Gepner (2015) indicated 

that there is a need for identifying the friction coefficient between the bus external structure and the 

impacting concrete deck. In their analysis they have used a conservative approach by setting the 

coefficient of friction to µ = 0.7 as well. Chirwa et al., (2009) in their Finite Element analysis of a 32-

seat bus rollover did set the coefficient of friction to µ = 0.8. Shwartz et al. (2004) and Mayrhofer et 

al. (2005) investigated ECE-R66 rollover scenarios with two different coefficients of friction (µ = 0.2 

and µ = 0.5) and indicated that the friction coefficient significantly impacts the deformation of the 

structure. Many other publications related to vehicle rollover simulation exist. However, in most cases 

authors do not specify the value of the coefficient of friction and there have been no published papers 

yet, where the authors have tested the actual friction between the bus external skin and the impacting 

surface. 

The Crashworthiness and Impact Laboratory has performed a coefficient of friction test for one of 

the bus skin samples several years ago. The test setup consisted of a steel sled, loaded with weights 

and an attached skin sample to its bottom surface. Figure 10 shows a graphical representation of the 

steel sled. 

 

 

Figure 10. Graphical representation of the steel sled used in the coefficient of friction testing procedure (CIAL). 
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The above sled was placed on the actual concrete deck which is used during the ECE-R66 rollover 

procedure and attached to a wench and pulley setup with a steel wire and a load cell in between. The 

sled was pulled and its acceleration, displacement and friction force was recorded. Figure 11 shows 

the exact test setup. According to this experiment, the average static coefficient of friction was µ = 

0.48 and the kinematic coefficient of friction µ = 0.41.  

 

  

Figure 11. Coefficient of friction test setup. 

 

2.4 Finite Element Modelling 

This chapter shows a short review on the Finite Element models used for the purpose of this thesis, 

together with verification and explanation of used concepts. The main two parts of the evaluated 

numerical models are the FE models of the bus and dummies. Both were verified by previous 

researchers of the Crashworthiness and Impact Laboratory (CIAL) and companies such as LSTCS. 

2.4.1 Selected Bus Finite Element Model 

The Crashworthiness and Impact Analysis Laboratory (CIAL) has developed, validated and verified 

five detailed Finite Element models of cutaway buses (Figure 12). The models range from 138 inch to 

255 inch wheelbase buses, which were selected for development based on the most popular buses 

purchased by the state of Florida in the year 2010 [CIAL, 2011].  
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Figure 12. Detailed Finite Element models developed by the Crashworthiness and Impact Analysis Laboratory. 

 

Each bus FE model was developed in a two stage process [Bojanowski, 2009; Gepner, 2014]. The 

chassis models were developed by the National Crash Analysis Center (NCAC) at George Washington 

University [NCAC, 2007]. They are available for crashworthiness and occupant safety research with 

no charge. Next, the passenger compartment is being developed based on the manufacturer’s drawings 

and incorporated into the final model using CAD software. The material properties and element 

formulations were defined based on experimental tests conducted by CIAL [Gleba, 2015]. Figure 13 

shows a Ford Econoline FE model [NCAC, 2014] used for the chassis of the model in the first stage 

of the cutaway bus development. The existing model is stripped from the exact same parts which are 

being removed during the production of a real cutaway bus. Figure 14 shows the passenger 

compartment development stage where the size of structural members and their location is being 

defined. Finally, the modified vehicle model and the passenger compartment are combined, taking 

into account the exact location and length of welds as in the actual bus. Figure 15 shows one of the 

most recently developed Finite Element models used in the numerical analysis. 



19 
 

  

Figure 13. Ford Econoline Finite Element model used as the chassis of the FE cutaway bus model. [NCAC, 2007]. 

 

 

Figure 14. Geometry development for the bus passenger compartment. 

 

During the operation of the Crashworthiness and Impact Analysis Laboratory, the cutaway buses were 

frequently modified and improved in order to reassemble the real bus behavior in the highest detail 

possible. The number of Finite Elements from which the bus is composed has increased over the 

years from a rough 40 thousand to over 1 million elements. The newest models consist of more than 

500 parts, including full pneumatic tires, realistic suspension system, proper modelled windshield and 

details such as steel frames in passenger chairs. One of the models with the view of its parts, used for 

the purpose of this thesis is shown in Figure 15. 
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Figure 15. Overview of the Finite Element model with its visible parts used in the analysis. 

 

The bus selected for the purpose of this thesis is a cutaway bus built on the Ford Ecoline E450 chassis 

with a 158 inch wheelbase. It was designed to provide room for twelve seated passengers and two 

passengers in wheelchairs. This Finite Element model has been validated through two full scale 

rollover tests [Gepner, et al., 2014]. The statistics of the model are shown in Table 5 and comparison 

between the actual and numerical model is shown in Figure 16. 

 

Table 5. Statistics of the chosen FE model. 

 Chassis model Bus body Whole model 
Number of elements 189,083 735,407 924,490 

Number of nodes 204,998 658,028 773,024 
Number of parts 295 64 359 

Number of 1-D elem. 6 0 6 
Number of 2-D elem. 173,401 735,407 908,808 
Number of 3-D elem. 15,676 0 15,676 

 

  

Figure 16. Comparison of the actual selected bus and its FE model. 
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One stage of the verification process described by Gepner (2014) was the comparison of the 

experimental and computational results for selected components of the bus structure. Figure 17 and 

Figure 18 show the performed comparison together with calculated values and a relative errors shown 

in Table 6. 

 

 

Figure 17. Comparison of experimental and FE results for a wall to floor connection for the selected bus model 
[Gepner, 2015]. 

 

 

Figure 18. Comparison of experimental and FE results for a roof to wall connection of the selected bus [Gepner, 2014]. 
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Table 6. Comparison of experimental and numerical tests of the selected bus [Gepner, 2014]. 

 
Max 

Moment 
[Nm] 

Relative 
error [%] 

Energy [J] 
Relative 
error [%] 

Wall to Floor 
connection 

Experimental 
results 

2205 - 481.2 - 

FE 
simulation 

2214 0.38 497.8 3.46 

Roof to Wall 
connection 

Experimental 
results 

1849 - 528.9 - 

FE 
simulation 

1889 2.20 551.5 4.28 

 

2.4.2 Finite Element Models of Dummies 

As an additional element for this thesis, an initial investigation of the passenger injury criterion has 

been performed. The influence of the coefficient of friction between the vehicle external structure 

and the impacting surface on the injuries of the passengers could be evaluated with the use of Finite 

Element Methods. In this section, different available dummy models are shown together with an 

explanation of methods used for assessing their potential injury during a car accident scenario. The 

described methods are based on the acceleration of selected critical points of the dummy during 

impact. 

Currently there is a variety of available Finite Element models of dummies which are used for 

investigating responses during car accidents. Different dummies are designed for different purposes 

such as frontal or side impact accident scenarios. Currently The Hybrid III 50th Percentile Male Crash 

Test Dummy is the most commonly used crash dummy in the world for the evaluation of vehicle 

safety restraint systems in frontal crash testing. The Hybrid III 50th is maintained and developed by 

under the supervision of the Society of Automotive Engineers' (SAE) Biomechanics Committees and 

the National Highway Transport and Safety Administration (NHTSA). The dummy is a regulated test 

device in the USA Code of Federal Regulations (Part 572, Subpart E) as well as in the European ECE 

Regulations. Validated and verified Finite Element models of the Hybrid III dummy exist and are 

constantly developed. Figure 19 shows a comparison of an actual Hybrid III dummy and one of its 

available Finite Element model representations [LSTC, 2015]. 
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Figure 19. Actual Hybrid III testing dummy [HUMANETICS, 2015] and its FE representation [LSTC, 2015]. 

 

Side impact dummies have expanded the capabilities of experimental testing in order to help design 

safer vehicles. The issues in side impacts are different than in front impact scenarios because there is 

less ‘vehicle’ to protect the occupant in the side impact direction. Unlike frontal car accidents, there is 

no airbag which can additionally protect the driver from severe injuries by reducing its head impact 

force and by gradually decelerating its head (reducing the chance of brain and internal damage). Older 

drivers have the tendency to drive slower mitigating the effects of frontal impacts. However, side 

impacts accidents become more prevalent due to judgment errors such as missing stop lights or 

moving forward without checking for traffic coming from the side. Among side Impact dummies, the 

WorldSID Dummy is one of the most popular among dummies used in side impact analysis. The 

name stands for a Worldwide harmonized Side Impact Dummy, it was designed to be used as a 

standard research tool for a multitude of impact conditions. The main difference between the side 

impact and frontal impact dummies is that the side impact dummy models have incorporated sensors 

which measure the force exerted onto the side of the passenger ribs. Arms of the dummy are also 

removed in order to reduce the ‘material’ which can serve as protection during a side collision. Figure 

20 shows a comparison of an actual WorldSID dummy and its Finite Element model representation. 
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Figure 20. Actual WorldSID [HUMENETICS, Inc.] test dummy and its FE model representation [LSTC, 2015]. 

 

Injury criteria have been developed in order to address the mechanical responses of crash test 

dummies in terms of injury and risk to life of a living human. They are based on a principle that states 

that the internal responses of a structure, no matter on its size or from what material it is composed, 

is governed by the structure’s geometry, material properties and the forces and motions applied to its 

surface. The criteria have been obtained from experimental testing using human surrogates where 

meaningful relationships between forces and resulting injuries are determined using statistical 

techniques. The development of human injury criteria was difficult because of many physical 

differences between humans. It is further complicated by the method of obtaining injury tolerance 

information through indirect methods such as testing with living human volunteers way below the 

injury level, cadaver testing, animal testing, computer simulation and the use of crash test dummies. 

Each of these indirect methods has limitations, but can provide information regarding human 

tolerance levels. Due to the number and cost of tests which are required to obtain a statistically 

significant sample size, it ultimately becomes necessary to consolidate the available test data from each 

of the methods available, and apply an engineering judgement as to what best represents an actual 

tolerance level for a given risk of injury [Sun et al., 1998]. 

The Head Injury Criteria (HIC) is based on the average value of the acceleration over the most critical 

part of the experiment (deceleration or acceleration). The average value �� of the acceleration a (t) over 

the time interval �1 to �2 is given by formula (4).  
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 �� =
1�1 − �2� �(�)���2�1  (4) 

 

The formula for the HIC, based on experimental data has the following form: 

 

 ��� = max (�1�� �2) �(�1 − �2) � 1�1 − �2� �(�)���2�1 �2.5� (5) 

 

Before calculating the HIC value, the accelerations in the global directions are pre-filtered and 

calculated according the concept illustrated in Figure 21. 

 

 

Figure 21. Illustration of the acceleration pre-filtering and HIC calculating scheme [LSTC, 2015]. 

 

Previously, the HIC was calculated for a time interval of 36 milliseconds. However, recent research 

by the National Highway Safety Administration [NHTSA, 2014] reviewed the existing regulations and 

finally reduced the maximum time for calculating the HIC to 15 milliseconds versus the previously 

used 36 milliseconds. The current critical values of the HIC for different size of dummies is shown in 

Table 7. 
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Table 7. Head Injury Criterion for various dummy sizes [Sun et al., 1998] 

Dummy 
type 

Large 
Sized 
Male 

Mid-Sized 
Male 

Small 
Sized 

Female 

6-Year 
Old Child 

3-Year 
Old Child 

1-Year Old 
Infant ���������� 700 700 700 700 570 390 

 

Apart from the Head Injury Criteria several other injury criteria exist, such as: 

• Neck Injury Criteria 

• Thoracic Injury Criteria 

• Lower Extremity Criteria 

For the purpose of this thesis and the initial calculation of passenger safety during a rollover accident, 

only the Head Injury Criteria will be evaluated. The Thoracic Injury and Lover Extremity criteria 

would be negligible and insignificant due to the nature of the ECE-R66 rollover experiment (where 

the passengers are restrained with seatbelts during the whole testing procedure). 
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CHAPTER 3 

DESIGN OF EXPERIMENTAL DEVICES AND EXPERIMENTAL SETUP 

This chapter shows the design concept and the manufacturing process of two independent testing 

devices to measure the coefficient of friction. The first device is based on previously described 

methods, with the use of already existing tension testing device located at the Florida State University. 

However, the second device was designed from scratch taking into consideration existing concepts 

used for full scale testing for industry purposes. This device can be used not only for the purpose of 

testing the coefficient of friction, but also can be used to check the influence of a high impacting force 

on the friction and friction resistance of the tested sample. 

3.1 Small Scale Coefficient of Friction Testing Device 

The purpose of the small scale testing is to determine the static and kinematic coefficients of friction 

for different materials and coverings used as the external skin of the bus in laboratory conditions. For 

the purpose of this thesis, a device for testing friction had to be designed. Because the College of 

Engineering at FSU is in possession of an INSTRONN MTS machine (Figure 22), it has been used 

as a base for the friction testing device.  

 

 

Figure 22. MTS machine located at Collage of Engineering structures laboratory. 
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However, because the devices located at the University laboratories are mainly used for material testing 

(tension testing) additional devices had to be manufactured in order to evaluate the coefficients of 

friction. Different concepts were evaluated and a coefficient of friction fixture with a pulley concept 

(Figure 23) was taken as a good example of a device to manufacture. 

 

 

Figure 23. Coefficient of friction fixture with a pulley system testing apparatus [INSTRON, Inc., 2015]. 

 

For the purpose of the thesis, a much more robust device had to be manufactured. This is due to the 

fact that the load cell in the existing MTS machine located at the collage laboratory is designed for 

high loads (which normally occur while tensile testing of various steel samples). Also the structure of 

the friction table has to be able to support the weight of concrete samples and any additional weight 

used as ballast without deflecting and corrupting results. Since the coefficient of friction testing 

experiment can be used for various research topics, it has been decided to design a universal apparatus 

which could be used by future college students and researchers no matter on the size of the tested 

sample configurations. An initial design project of a ‘friction table’ was prepared and is shown in 

Figure 24.  
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Figure 24. Initial design of the small scale friction testing apparatus. 

 

The idea of the design was to place the above ‘friction table’ on top of the MTS machine and use four 

levelling bolts to place it in a perfectly horizontal position. Then the concrete sample would be 

attached to the steel deck of the table and a skin sample attached to a sled with additional load would 

be placed above it. The sled would be pulled with a steel wire using the same pulley concept as in the 

INSTRON device. However, due to the weight of the device and having in mind the safety of the 

University property, the design of the ‘friction table’ was changed in order to use a heavy steel table 

underneath the MTS machine for supporting the structure of the friction device. This concept required 

additional elements to be incorporated into the design and enabled larger samples to be used for the 

purpose of testing. The additional elements included two supporting C-shaped steel elements which 

were composed of 1.5 inch square tubes, welded together and drilled at different heights. These 

elements were attached to the steel table and provided a solid support for the ‘friction table’. Finally, 

due to these changes, the testing apparatus was extended from an original length of 31 in. to 50 in. 

Figure 25 and Figure 26 shows the modified design concept. 
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Figure 25. Modified design of the small scale friction testing apparatus. 

 

 

Figure 26. Friction testing apparatus design concept including the existing laboratory devices and supporting table. 
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The manufacturing and assembly process was initiated. Square 1.5 x 1.5 inch steel sections were used 

as the ‘legs’ of the apparatus. They were welded together and drilled at different heights. The main 

table is composed of a ¼ in. thick, 12 in. wide and 50 in. long steel plate with two 1.5 x 1.5 in. square 

beams welded along the two longest edges to provide stability. Additionally four ¾ in. diameter bolts 

are placed in the corners of the steel plate to support the table and enable levelling of the deck. The 

bolts are placed in weld nuts which were welded to the plate. The steel deck has a 2.5 in. hole drilled 

12 in. from its shorter edge to enable a custom made pulley system (Figure 29) to be attached to the 

MTS gripping devices. The whole apparatus in attached to the supporting table with four ½ in. bolts 

and its height can be modified both by the levelling bolts or by changing the position of the supporting 

legs (using different drilled holes). The assembled device is shown in Figure 27 and Figure 28. 

 

 

Figure 27. Side view of the manufactured small scale friction device. 
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Figure 28. Front view of the manufactured small scale friction device and the INSTRON MTS testing machine. 

 

 

Figure 29. Custom made pulley system used for pulling the sample during the test. 
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For the purpose of the test two different concrete samples were prepared. Two different concrete 

mixes were designed and poured into water insulated 35 in. x 14 in. wooden boxes. One of the 

concrete mix was designed to reassemble the actual concrete pad which is being used for the purpose 

of the rollover test in the FDOT Springhill testing facility (smooth, even surface), while the other was 

prepared with large aggregate size in order to obtain a ‘rough’ and uneven surface finish. The two 

concrete samples are shown in Figure 30. 

 

 

Figure 30. Concrete Samples used in the small scale friction analysis. 

 

To check the influence of different materials and coatings on the friction coefficient of the cutaway 

bus exterior skin, three square 9 cm x 9 cm samples were cut out from the skin of an actual bus. Also, 

three L-shaped steel sleds were manufactured and skin pieces were glued using a strong adhesive onto 

the bottom surface of each of the sleds.  

For the purpose of the thesis, three type of samples were used for conducting the experiments. Apart 

from the original cutaway bus skin, a friction increasing coating in a form of paint was used in one of 
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the samples and a Teflon friction reducing sheeting was chosen for the third specimen. All three 

samples placed next to each other with their visible ‘surface’ are shown in Figure 31. 

 

 

Figure 31. Skin samples with and without different friction increasing / reducing materials (from left: friction paint 
finish, original skin sample, Teflon sheeting). 

 

Each concrete sample is placed on the apparatus and levelled in order to achieve a completely flat 

surface for the purpose of the test. Figure 32 shows the position of the sample together with two 

levelling bubbles which indicate its position in two orthogonal directions.  

 

  

Figure 32. Positioning of the sample together and levelling bubbles indicating the position of the specimen. 
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Additional steel clamps are used to ensure that the position of the table and the sample stays in the 

same position during the test. Figure 33 shows the steel clamps attached to the table and the sample 

together with the view of the levelling bolts and a steel plate ‘sockets’ underneath to provide additional 

stability of the device. 

 

  

Figure 33. Steel clamps and levelling bolts with sockets to provide additional stability during the experimental testing. 

 

For the purpose testing a load of 442.5 N was used (the most appropriate load was determined with 

series of tests conducted before the final testing of samples). The final setup of the testing apparatus 

is shown in Figure 34. The steel sled with an attached sample is placed at the end of the concrete 

sample and loaded with steel weights. Then a 3/18 in. steel wire is attached to the sample, pulled 

through the pulley system and attached to the MTS machine grips. The steel wire remains perfectly 

vertical from the grips to the pulley and completely horizontal from the pulley to the sample 

throughout the whole experiment. The fiction of the pulley is neglected in the final outcome of the 

analysis (rolling friction of the steel bearing is regarded as several magnitudes lower than the sliding 

friction of the sample). 
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Figure 34. View of the final small scale friction setup. 

 

Figure 35 shows the test setup with the visible sled and imposed load. The sleds are pulled with a 

constant speed by the MTS machine the load is being captured from the load cell installed in the MTS 

machine. A dedicated software is installed in the laboratory which acquires and records it in a user 

defined format. Each of the tests which are described in further chapters were conducted in the same 

manner to reassemble every aspect to look the same (same distance, same surface of friction and 

constant speed / load conditions ). 

 

  

Figure 35. Side view of the friction test setup with the visible sled and imposed load. 
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3.2 Component Testing Device Design and Manufacturing Process 

In order to evaluate if the coefficients of friction for the actual components being in contact with the 

concrete pad during a rollover test, a different, more sophisticated device had to be designed and 

manufactured. During the first moments of the rollover test, the bus impacts the concrete pad with 

an element which is referred in the bus industry as the “cantrail” (region indicated by a yellow ellipse 

in Figure 36). 

 

 

Figure 36. Side view of a bus prepared for a rollover test with the indication of the cantrail. 

 

The purpose of this test is to reassemble an actual impact for the cantrail component onto the concrete 

floor. The proposed testing device is composed of a frame on four separate wheels to which the tested 

component is attached. The normal force is applied using an adjustable and freely rotatable arm, which 

can be dropped from an adjustable height in such a way that the total force will be acting directly on 

the point of contact of the component and the tested surface. Meanwhile the device is being pulled 

horizontally and the friction forces are being recoded from the load cell which is attached between 

the frame and the pulling system in order to evaluate the kinematic and static coefficients of friction. 

The first draft of the device concept was prepared using CAD software and is shown in Figure 37. 
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Figure 37. Proposed design of the component testing device. 

 

In order to simulate an actual impact of the component, an additional vertical steel frame with a pulley 

and a winch has been proposed to enable lifting of the impacting arm and releasing it onto the pin 

supported sample below. This concept would enable to exert a higher normal force onto the sample 

and test the durability of different materials and coverings due to an impacting load. The proposed 

design concept is shown in Figure 38. 

 

Figure 38. Modified concept of the component friction testing device. 
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The idea of the device is that when the loading arm is released, it impacts the sample right above its 

point of contact with the ground. The whole load coming from the arm is transferred directly into the 

point of contact of the sample and the surface and can be easily calculated based on the weight of the 

arm and its height above the specimen. When the impacting arm is released, the only loads acting on 

the wheels are the loads coming from the self-weight of the horizontal and vertical frame. This load 

does not affect friction in a considerable manner (due to low rolling friction of the wheel bearings). 

However, it can be calculated and deducted from the final outcome of the experiment.  

In order to test an actual size component, which is regarded as the specimen of a bus window width 

with the two vertical columns on its side and the cantrail structure above it, a 5 x 5 ft. frame had to be 

manufactured. Square 2 x 2 in. steel sections were used for the frame structure and a steel 4 in. diameter 

pipe was used as the impacting arm. Figure 39 shows the first stage of the device manufacturing 

process.  

 

 

Figure 39. First stage of the friction testing device manufacturing process. 

 

In the first stage of the manufacturing process, some of the key components of the device were 

assembled. The base of the impacting arm has been placed on ¾ in. bolts which allow free rotation 

of the arm. The position of the impacting pipe can be freely changed along the length of the device 
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and fastened securely with four 5/8 in. bolts in any required position. The tested bus component is 

meant to be attached in front of the frame with two ¾ in. bolts which allow free rotation of the 

specimen. The component attachments are assembled in a way to move freely along the length of the 

front frame member and be fastened in any required position. Also, multiple drilled holes enable the 

sample to be placed at any angle for the purpose of testing. Figure 40 shows the front view of the 

frame with visible component attachments. 

 

 

Figure 40. Front view of the component friction testing device with the impacting arm and adjustable sample 
attachments. 

 

Other stages of manufacturing the device included welding the vertical frame, attaching a manual 

winch at the rear of the device, attaching pulleys and impacting arm components to enable adding 

additional weight. Also, rubber wheels were changed to plastic ones as their rolling friction was much 

lower and they proved more ‘robust’ during initial testing of the device. Steel wires and additional 

small steel components were attached to the frame in order to attach the load cell and pulling system. 

The vertical frame was attached in a way that it enabled it to be moved in any desired position along 

the horizontal structure. Finally, the whole device was pained, steel ballast was fastened and connecting 

wire attached. Figure 41 shows the complete device with all of its components.  
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Figure 41. Component friction testing device. 

 

Having assembled the device, samples of the components had to be manufactured. Real samples could 

have been cut out from the actual bus. However, due to the fact that the possessed buses have been 

already tested and had gone under extensive deformation, it has been decided to manufacture samples 

using just the exterior skin of the bus. Steel tubes 14 gauge 1.5 in. x 1.5 in. and 5 ft. long were bent to 

reassemble the actual curvature of the real bus component. Next, the skin samples were glued to the 

tubing using strong adhesive.  Figure 42 shows the steel structure supporting the skin sample and two 

of the samples which were prepared for further testing. 
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Figure 42. Component samples prepared for tasting with visible steel structure. 

 

In case of the component friction testing, the samples were prepared in the same manner as in the 

small scale friction test. One sample was left with the original skin from the bus, one of the samples 

was covered with a friction paint and the last sample consists of the Teflon sheeting being attached 

on top of the original skin (modification of the first sample). The samples are attached to the friction 

testing device using steel eye-bolts, which does not restrict free rotation of the sample. This method 

also enables the sample to be positioned in any required way for the purpose of testing. Figure 43 

shows the attachment method and a sideways sliding restriction system. 

 

  

Figure 43. Sample attachment method and sideway sliding restriction system. 
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The attached samples are being restricted from moving sideways by two 5/8 inch steel bolts which 

can be fastened to the steel frame at any required position. This concept enables testing of any samples 

in the device at various positions and angles (an additional sample attachment mechanism is placed 

above the frame for large inclination angels of the tested components). The vertical frame component 

can be attached at aby position along the length of the device in order to manipulate the impacting 

height. Figure 44 shows the positioned original bus component sample in the device with the 

impacting arm lowered to its final position during impact. Figure 45 shows the point at which the 

impactor’s steel pipe comes into contact with the tested sample (just above the point of friction 

between the two surfaces). 

 

 

Figure 44. Sample positioning in the component friction testing device. 
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Figure 45. Point at which the loading arm impacts the tested sample (just above the point of the two surface contact 
area). 

 

The impacting arm is lifted at any desired height with the use of a steel wire attached to a pulley and 

a winch system. The load of the impacting arm (450 N) has been increased by adding additional 122 

kilograms of iron weights (increasing the total force to 1672 N), which were bolted to the arm exactly 

above the steel pipe which comes in contact with the component sample during the test.  The arm is 

suspended using a releasable hook, which is being connected to an additional steel wire and can be 

released at any time during the test. Figure 46 shows the arm’s weight attachment and the releasable 

hook system. 

 

 

Figure 46. Impacting arm additional weight and release system. 
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After attaching the tested components and lifting the impactor’s arm to a desirable position, the device 

is being connected to the pulling vehicle with two steel wires and a load cell which is levelled to remain 

in a horizontal position during the whole testing procedure. The load cell is connected directly to a 

data acquisition system which is described in a separate chapter. To ensure a correct position, a steel 

bar with a levelling system has been attached to the rear of the car. As before, in order to match a 

perfectly horizontal position, levelling bubbles were used. Figure 47 shows the connected device with 

the visible load cell and levelling system. 

 

 

Figure 47. Testing device connected to the car pulling system. 

 

The detailed view on the load cell connection between the car and testing device is shown in Figure 

48. Four steel snap hooks are used for this connection. The steel wires connecting the device and the 

rear of the car have been measured and prepared in order to be of equal length so that the device is 

pulled equally in one direction without corrupting results. Load cell connecting cables are attached to 

the frame to prevent them from being destroyed during the experiment. The levelling system of the 

load cell has been also fastened in order to remain horizontal throughout multiple tests. 
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Figure 48. View on the load cell connection details. 

 

The final test setup for one of the sample configurations, where the exterior skin lays flat on the 

concrete deck is shown in Figure 49 and Figure 50. 

 

 

Figure 49. Side view of the friction testing setup. 
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Figure 50. View of the experimental setup for the component friction test. 

 

3.3 Data Acquisition System 

For the purpose of the component friction test, a data acquisition system had to be configured. In this 

case a LabVIEW software and National Instruments (NI) devices were used to capture data from an 

aluminum alloy 7075-T6 force sensing tension link with a maximum capacity of 2000 pounds (Figure 

51). 

 

  

Figure 51. STL-1 AL X force sensing tension link and a VirtualBench device for voltage input used for the component 
friction test. 
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The device and software were configured to read the load from the tension link continuously at a rate 

of 100 readouts per second. The excitation voltage of 12 AC was provided to the load cell through a 

NI VirtualBench device (Figure 51). The block diagram used for recording the experimental data is 

shown in Figure 52. The output signal was checked for correctness by performing calibration tests 

with loading and unloading the load cell device (Appendix). The whole data acquisition system was 

placed on the vehicle with cables being connected to the device steel frame to ensure that they are not 

being damaged during the experiment. 

 

 

Figure 52. LabView block diagram used for the friction testing experiment. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

This chapter discusses main findings obtained through the friction testing experiments explained in 

Chapter 3. The results are then incorporated in the next chapters to determine the influence and 

impact of the coefficient of friction on the structure deformation of the bus and safety of passengers 

during a rollover accident scenario.  

4.1 Small Scale Testing Results 

The tests for the small scale samples were performed according to the experimental setup and 

guidelines shown in Chapter 3. Before testing, each sample together with the steel ballast plates was 

weighted. The tests were performed for different load and velocity configurations. From the initial 

tests it has been concluded that the most optimal load (due to the sensitivity of the load cell in the 

MTS machine) was about 450 N and the velocity of 4 mm/s (6 mm/s for friction paint samples). The 

initial data also indicated that the ‘rough’ concrete sample gave unstable results and could not be used 

for assessment of the coefficient of friction with the use of the designed device. Also, initial tests with 

pouring water on the concrete sample were performed. However, due to unstable and varying results, 

which were probably caused by different sample and surface wetness during each of the test runs, the 

experimental results involving water were neglected in this thesis.  The initial experimental data with 

graphs is included in the Appendix of this thesis. 

Figure 53 shows the friction force vs. time plot for the original bus skin sample. A clear peak of the 

friction force is visible at time t = 4.0 s. From the average values of all obtained peak points during 

the analysis, the static coefficient of friction is calculated according to formula (3). The kinematic 

coefficient of friction is calculated from the region where the friction force becomes stable (which 

occurs 4.3 seconds after the start of the experiment). The results of the average friction force recorded 

and calculated coefficients of friction from this set of tests is shown in Table 8. By calculating the 

standard deviation for all of the results it can be observed that the results for each of the experiments 

are consistent with each other. 
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Figure 53. Friction force vs. time for the original skin sample (453.5 N normal load, 4 mm/s pulling speed). 

 

Table 8. Original skin sample parameters. 

ORIGINAL SKIN SAMPLE 

Mean maximum Force (N) 290.927 
Standard 
deviation 

5.600 

Mean static coefficient of friction 0.641 
Standard 
deviation 

0.012 

Mean average kinematic force (N) 238.768 
Standard 
deviation 

4.252 

Mean kinematic coefficient of 
friction 

0.527 
Standard 
deviation 

0.001 

 

Figure 54 shows the friction force vs. time for a Teflon sample. The values of the normal force in this 

case is 454.5 N (due to a difference in the steel sled weights for different material covers) and the 

velocity of testing remains at the level of 4 mm/s. The values of coefficient of friction are given in 

Table 9. As previously, it can be observed by evaluating the standard deviation that the results from 

each of the test runs are consistent with each other. The calculated mean kinematic coefficient of 

friction for the Teflon covered sample is nearly 42 % lower than for the original bus sample. Similarly 

the static coefficient of friction is reduced from 0.641 to 0.368 which gives a 43% parameter decrease.  
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Figure 54. Friction force vs. time for a Teflon covered sample (454.5 N normal load, 4 mm/s pulling speed). 

 

Table 9. Teflon covered sample parameters. 

FRICTION PAINT COVERED SKIN SAMPLE 

Mean maximum Force (N) 167.494 
Standard 
deviation 

3.729 

Mean static coefficient of friction 0.368 
Standard 
deviation 

0.008 

Mean average kinematic force (N) 139.565 
Standard 
deviation 

1.867 

Mean kinematic coefficient of 
friction 

0.307 
Standard 
deviation 

0.001 

 

Figure 55 shows friction force vs. time for a friction paint covered sample. Although the load remains 

the same (453.5 N), the velocity of the test has been increased to 6 mm/s. The results for the 

coefficient of friction are shown in Table 10. What can be observed, is that with every experiment the 

friction force is being reduced. This is due to the fact, that the friction paint properties are being 

decreased with the deterioration of its surface due to friction. The force stabilizes after four full friction 

tests. This is important when the friction paint properties are taken into account during Finite element 

modelling of a rollover scenario. Since in case of a rollover, the skin covered with the paint is not 

deteriorated, the maximum value of the coefficient of friction should be taken into account. 
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Figure 55. Friction force vs. time for a friction paint covered sample (453.5 N normal load, 6 mm/s pulling speed). 

 

Table 10. Friction paint covered sample results. 

TEFLON COVERED SKIN SAMPLE 

Mean maximum Force (N) 427.738 
Standard 
deviation 

8.557 

Mean static coefficient of friction 0.943 
Standard 
deviation 

0.019 

Mean average kinematic force (N) 388.626 
Standard 
deviation 

7.158 

Mean kinematic coefficient of 
friction 

0.857 
Standard 
deviation 

0.002 

 

Figure 56 shows friction forces plotted against time for all of the tested samples. It can be observed 

that each of the materials has different values of the coefficient of friction. The summary of coefficient 

of friction parameters together with a standard deviation is shown in Table 11. As stated before, the 

Teflon covered samples have an approximate 43% lower coefficient of friction than the original bus 

samples. In contrary, the friction covered specimens show a 63 % higher coefficient of kinematic 

friction when compared to the original skin sample. 
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Figure 56. Comparison of friction force vs. time for all of the tested samples. 

 

Table 11. Coefficient of friction comparison for all of the tested samples. 

ALL SAMPLES COMPARISON 

Sample 
Static coefficient of 

friction 
Standard 
deviation 

Kinematic 
coefficient of friction 

Standard 
deviation 

Friction paint 0.943 0.019 0.857 0.002 
Teflon 0.368 0.008 0.307 0.001 

Original 0.642 0.012 0.527 0.001 
 

4.2 Component Testing Results 

The component friction tests can be divided into two separate tests. In the first test, the coefficient of 

friction is calculated for a statically applied load. In the second part of testing, the load is applied 

dynamically by means of an impacting arm. Three type of samples are being tested, an original skin 

sample, Teflon covered sample and a friction paint covered sample. The test was carried out according 

to its description in Chapter 3 of this thesis. 

4.2.1 Component Testing with a Statically Applied Load 

The component testing setup was prepared according to the guidelines shown in chapter 3. Each 

sample was locked in the testing device and a load of 1670 N was equally applied to the ‘cantrail’ of 

the sample. The load is applied in such a way that only the self-weight of the device (without the 
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impactor’s weight and the additional weights) is transferred onto the wheels of the device. This is 

important, since we are only interested in the coefficient of friction between the concrete deck and 

the sample surface. In this case a load of 250 N is applied to each wheel, and the coefficient of friction 

for the selected wheels is on the level between µ=0.002 and µ=0.005 

[http://www.engineeringtoolbox.com/]. The testing setup is for the first shown in Figure 57. 

 

 

Figure 57. Component testing for statically loaded samples. 

 

Several runs were carried out for the original sample of the skin. A series of screen captures from the 

experiment are shown in Figure 58. The friction force results plotted against time are shown in Figure 

59. 

 

 

Figure 58. Experimental testing sequence. 
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Figure 59. Original bus sample friction force vs. time results (1673.8 N load). 

 

Similar patterns can be observed for most of the tested samples. One of the sample readouts is shown 

in Figure 60 for explanation on the way of calculating the coefficients of friction. The coefficient of 

static friction is calculated from the peak force and the kinematic coefficient is taken as the average 

value from the stable results. The results for each of the tested samples is shown in Table 12. 

 

 

Figure 60. Sample results for explanation of the coefficients of friction calculation (friction force vs. time for an original 
bus sample and 1673.8 N load). 
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Table 12. Comparison of coefficient of friction values for original bus tested samples. 

Test sample Static coefficient of friction 
Kinematic coefficient of 

friction 
2 0.685 0.458 
3 0.557 0.505 
4 0.620 0.533 
5 0.560 0.503 
6 0.668 0.549 
7 0.589 0.506 
8 0.609 0.427 

Average 0.612 0.497 
 

A similar approach was used for testing Teflon samples. The Teflon sheet was firmly attached with 

bolts and adhesives to the already existing Original skin sample. Figure 61 shows the friction force vs. 

time results for Teflon sample runs. The coefficient of friction values were calculated in the same 

manner as before, which is shown in Figure 62. 

 

 

Figure 61. Friction force vs. time for Teflon covered samples (1673.8 N load). 
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Figure 62. Selected sample results for explanation of the coefficient of friction results (Teflon sample, 1673.8 N load). 

 

Table 13. Comparison of coefficient of friction values for Teflon covered samples. 

Test sample Static coefficient of friction 
Kinematic coefficient of 

friction 
A 0.544 0.305 
B 0.582 0.342 
C 0.603 0.336 

Average 0.577 0.328 
 

4.2.2 Component Testing with a Dynamically Applied Load 

The component testing device was designed to lift an impacting arm to any desired height and release 

the load to simulate an impact of the component. Since there is no sensor to measure the impacting 

load of the impactor arm, an alternative approach must be used in order to have the maximum force 

during the moment of impact. According to the laws of physics, the impacting force can be calculated 

knowing the weight of the impacting object, its distance above the impacted surface and the distance 

it travels after impact. Since we cannot measure the traveled or rebound distance, the impacting force 

is obtained using a Finite Element analysis (Appendix C).  

The results for the dynamically loaded original bus samples together with a friction paint sample results 

are shown in Figure 63. 
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Figure 63. Friction force vs. time for original and friction paint covered samples during impact testing (490 mm impact 
height). 

 

Figure 64 shows an explanation of the obtained results and the regions which were used for calculating 

the values of the coefficient of friction for the tested samples. 

 

 

Figure 64. Selected sample results for the explanation of coefficient of friction calculations (bus original sample 
impacted from a 490 mm height). 
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Similar experiment was carried out for the Teflon covered sample. However, during the third test the 

Teflon covered sample failed (teared apart at the location of the point of contact). The friction force 

results for the remaining two samples are show in Figure 65. 

 

 

Figure 65. Friction force vs. time for Teflon covered sample tests (490 mm impact height). 

 

From the numerical analysis of the forces exerted by the impactor (Appendix), it has been observed 

that the peak force occurs in an instant of 3-5 milliseconds. Due to the sampling rate of the data 

acquisition system and the use of the selected load cell, it was not possible to catch the real peak of 

the friction force during the impact. Therefore, the peak values are not used for calculating the 

coefficient of static friction. However, kinematic coefficients of friction were calculated and are shown 

in Table 14. 

 

Table 14. Kinematic coefficient of friction parameter comparison. 

Test sample Kinematic coefficient of friction Average 
Original skin – Test 1 0.486 

0.484 Original skin – Test 2 0.498 
Friction paint – Test 1 0.468 
Teflon cover – Test 1 0.320 

0.331 
Teflon cover – Test 2 0.341 
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The friction paint sample is compared in the above table with the original skin samples due to the 

reason that the paint drops off during impact. As it is shown in the above results, the kinematic 

coefficient of friction for this sample is in the same range as for the original samples. Although, the 

static coefficient of friction values could not be estimated during the impact test, other interesting 

observations could be recorded. For instance, it has been observed, that the friction paint proves to 

be useless during an actual ECE-R66 rollover test, since it does not provide the given coefficient of 

friction throughout the whole experiment. Just after the moment of impact, it loses its properties and 

drops off, reducing the coefficient of friction to the original sample level. Teflon on the other hand, 

is resistant to impact and remains in position during the experiment, maintaining its relative low (43% 

lower than original skin parameter) coefficient of friction. The component testing results do not 

exactly correlated with the small scale laboratory tests (6% lower results for static frame tests of the 

original sample when compared to laboratory results and 7% higher results when comparing 

component tests of Teflon sheeting with the laboratory tested sample). This might be associated 

mostly with the impossibility of totally controlling the component testing environment (possible 

variation in testing velocity, sensitivity of the load cell and in-situ concrete deck irregularities). The 7% 

discrepancy of results for the Teflon sheeting can be attributed to a small number of tests performed 

during the component testing stage. The reason of not carrying out as many test runs as in the 

laboratory environment was that due the 1670 N load the surface of the Teflon sheeting was grinded 

off during each run and the sheeting had to be repositioned to have a smooth and unaffected Teflon 

surface at its point of contact with the concrete slab. The sample was repositioned several times and 

during the final impact testing of the sample, it has been destroyed in a way which made it useless for 

future testing. The kinematic coefficients of friction obtained in the impacting tests of the skin 

materials shows a 1% discrepancy when comparing to static loaded original bus component samples 

and 3% difference in Teflon covered specimens. In this case, the explanation might be that the sample 

surface was affected by the impact by grinding off the external polished layer, thus exhibiting a 

different coefficient of friction. 

The average results of the coefficient of friction obtained through the described experiments are 

incorporated in the Chapter 5 in the full scale Finite Element analysis of a selected bus. Further 

discussion and conclusions related to the experimental results are shown in Chapter 6. 
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CHAPTER 5 

FINITE ELEMENT ANALYSIS 

This chapter incorporates the findings in Chapter 4 into the Finite Element analysis of a selected, 

verified and validated bus (Chapter 2). The deformation of the passenger compartment structure is 

investigated with relation to the coefficient of friction. Additionally, an initial investigation of the 

passenger responses during the ECE-R66 rollover scenario are being evaluated.   

5.1 Finite Element Analysis of the Passenger Compartment Deformation 

This section will present the influence of the coefficient of friction on the Deformation Index of a 

selected bus. The bus was validated and verified as described in Chapter 2. The analysis was carried 

out in a two stage process in order to save computational time. In the first stage of the analysis the 

bus parts were switched to a rigid material and the vehicle was tiled on the tilt table until the moment 

it drops onto the concrete deck. The velocities of the bus model were recorded just before the moment 

of impact, and then incorporated into the second stage of the analysis. The second stage of the FE 

simulation was performed from the moment of impact until maximum deformation of the structure. 

Initial conditions were incorporated from the first run, simultaneously reducing the time of the whole 

analysis (The deformation of the bus was investigated in a time period of t = 0.4 s). This method was 

possible with the use of a so-called Deformable-to-rigid switch, the concept is shown in Figure 66. 

 

 

Figure 66. Deformable-to-rigid switch, a) bus parts switched to rigid material, b) just before the moment of impact the 
parts are switched back to their original parameters, c) impact and deformation of the bus. 



62 
 

The Finite Element simulation was carried out with the use of LS-OPT and LS-DYNA software, 

where the coefficient of friction between the concrete deck (Rigid wall) and the skin of the bus was 

set as a discrete variable. The analysis was carried out for a range of the coefficient of friction values 

from µ = 0.00 (no friction – total sliding) to µ = 1.00 (where nodes are welded to the rigid wall once 

in contact), with a 0.10 increment every run. The Deformation Index values were evaluated based on 

the relative position of a predefined set of nodes. A screen capture from the Finite Element analysis 

of the ECE-R66 rollover, where the bus impacts the concrete deck (represented by a grey color 

rigidwall) is shown in Figure 67. 

 

 

Figure 67. Screen capture from the Finite Element analysis in LS-DYNA. 

 

The analysis was carried out for 0.4 seconds from the moment when the passenger compartment 

comes in contact with the concrete deck. For the purpose of reducing computational time, some of 

the test runs were reduced to 0.35 seconds. This did not affect the final results since the maximum 

deformation for the rear of the bus occurred between 0.1 and 0.2 seconds, and approximately 0.3 

seconds after impact for the front of the vehicle structure. The results of the Deformation Index 

(described in Chapter 2) for the front and rear side of the bus are shown in Figure 68 and Figure 69. 

The maximum values of deformation for each analysis is shown in Table 15. 
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Figure 68. Deformation index results for the frontal ring structure of the bus for different coefficient of friction 
parameters. 

 

 

Figure 69. Deformation index results for the back wall structure for different coefficient of friction parameters. 
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Table 15. Deformation Index results for different coefficient of friction parameters. 

Friction parameter Frontal Deformation Index Rear wall Deformation Index 
µ = 0.00 1.071 0.543 
µ = 0.10 1.093 0.539 
µ = 0.20 1.161 0.571 
µ = 0.30 1.235 0.570 
µ = 0.40 1.285 0.577 
µ = 0.50 1.280 0.594 
µ = 0.60 1.340 0.646 
µ = 0.70 1.341 0.646 
µ = 0.80 1.331 0.697 
µ = 0.90 1.363 0.701 
µ = 1.00 1.479 0.714 

 

The results indicate that the coefficient of friction has a great impact on the behavior of the bus 

structure during the ECE-R66 rollover test. The difference between the Deformation Index for the 

selected bus for the lowest and highest values of the coefficient of friction are on the level of 38% for 

the front and 31% for the rear of the bus. Figure 70 and Figure 71 shows a comparison of the wall 

deformation during the rollover test for three selected values of µ (0.00, 0.50 and 1.00). The red area 

indicates the residual space, which is defined according to its explanation in Chapter 1. 

 

 

Figure 70. Deformation of the front and rear wall structure for three chosen coefficients of friction parameters. 
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Figure 71. Deformation of the front and rear wall structure for chosen coefficient of friction parameters. 

 

The values of the coefficient of friction obtained from the experiments in Chapter 4 have been also 

incorporated into the Finite Element model. It has been observed in the component friction testing 

experiment that the friction paint does not hold its properties during the experiment. That is why only 

the average values of the kinematic coefficients of friction for the original bus skin and Teflon samples 

were incorporated. A value of µ = 0.51 was taken as a representation of the original skin and µ = 0.33 

for the Teflon covered skin. The analysis was performed for 0.35 seconds after the bus impact the 

concrete deck. The Deformation Index values for both of the experiments are shown in Figure 72 

and Figure 73. Also the change of angle values for the side wall of the bus (as shown in Fig. 4) during 

the simulations is recorded. These values are compared separately and shown through Figure 74 - 

Figure 77. It can be observed that the change of coefficient of friction affects not only the maximum 

deformation of the structure, but also the pattern of the angle change throughout the analysis. 
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Figure 72. Comparison of Deformation Index values for two selected coefficient of friction parameters. 

 

 

Figure 73. Comparison of Deformation Index values for two selected coefficient of friction parameters. 
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Figure 74. Front wall angle alpha1 change in time for two selected coefficient of friction parameters obtained from 
experiments. 

 

 

Figure 75. Front wall angle alpha2 change in time for two selected coefficient of friction parameters obtained from 
experiments. 
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Figure 76. Back wall angle alpha1 change in time for two selected coefficient of friction parameters obtained from 
experiments. 

 

 

Figure 77. Back wall angle alpha2 change in time for two selected coefficient of friction parameters obtained from 
experiments. 
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A visual comparison of the Deformation index for the two selected coefficient of friction parameters 

is shown in Figure 78. The dashed red area indicated in the figure is the residual space (Chapter 2). 

 

 

Figure 78. Visual comparison of the Deformation Index for the selected friction coefficient parameters. 

 

The comparison between Deformation Index values and deformation angles for the selected 

coefficient of friction parameters is shown in Table 16. 

 

Table 16. Comparison of maximum results for the selected friction coefficient parameters. 

Skin 
type 

Coefficient 
of friction 

α1 
Front 

α2 
Front 

α1 
Back 

α2 
Back 

Deformation 
Index – Front 

Deformation 
Index - Back 

Original 
skin 

µ = 0.51 84⁰ 143⁰ 87⁰ 159⁰ 1.35 0.65 

Teflon 
covered 

µ = 0.33 82⁰ 149⁰ 88⁰ 160⁰ 1.26 0.56 
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The presented results indicate, that the coefficient of friction has direct impact on the deformation 

index of the cutaway buses during the ECE-R66 rollover experiment. The use of relatively cheap 

components (such as the Teflon sheeting) can reduce the deformation by 14%. In some cases, this 

might decide on the positive or negative evaluation of the tested vehicle. Further findings and 

conclusions are described in Chapter 6. 

5.2 Finite Element Analysis with the Use of Dummy Models 

This chapter describes an initial analysis of the influence of the coefficient of friction on the behavior 

of passengers during the ECE-R66 rollover scenario. The intention is to determine the damage 

mechanics and potential injury risks of the dummies. Hybrid III Finite Element dummy models are 

used as a representation of the bus passengers (described in Chapter 2). Four dummies are placed 

inside the bus at different seats and immersed into the seat using an LS-DYNA Seat Deformer tool 

(Figure 79). Each dummy is restrained in the seat with a two-point fitted seatbelt, which is connected 

to the sides of the chair (Figure 80).   

 

 

Figure 79. Finite Element model of the bus with placed dummy models. 
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Figure 80. Detailed view of the two-point seatbelt connection in the FE model. 

 

The analysis is carried out in the same manner as for the analysis of the bus passenger compartment 

deformation. A three step analysis using the Deformable-to-rigid switch has been used. A similar 

approach was used by Guler et al. (2009), where the authors evaluated the Head Injury Criteria for 

bus passengers during the ECE-R66 rollover scenario with and without different type of seatbelts. 

For the purpose of presenting results, the dummies are numbered according to their position in the 

bus, as shown in Figure 81. 

 

 

Figure 81. Dummy bus positioning and numbering [Turtletop, Inc., 2015] 
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A rollover analysis was performed with the belted dummies and three different coefficient of friction 

parameters (µ = 0.00, µ = 0.50, µ = 1.00) to determine the influence of friction on the responses of 

passengers. The resultant accelerations from the head nodes of each dummy were recorded and the 

HIC was calculated. Figure 82 – Figure 85 show the dummy head acceleration values for all three cases 

of coefficient of friction. 

 

 

Figure 82. Head Node acceleration vs. time for Dummy 1. 

 

 

Figure 83. Head Node acceleration vs. time for Dummy 2. 
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Figure 84. Head Node acceleration vs. time for Dummy 3. 

 

 

Figure 85. Head Node acceleration vs. time for Dummy 4. 

 

The critical HIC values for each of the dummies are shown in Table 17. Time from the moment of 

impact is recorded, together with the HIC value calculated of a 15 millisecond interval.  
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Table 17. Critical HIC values for each dummy and different coefficient of friction conditions. 

Coefficient 
of friction 

Dummy 
1 

(HIC15) 

@ 
Time 
(ms) 

Dummy 
2 

(HIC15) 

@ 
Time 
(ms) 

Dummy 
3 

(HIC15) 

@ 
Time 
(ms) 

Dummy 
4 

(HIC15) 

@ 
Time 
(ms) 

µ = 0.00 119.8 95.75 200.7 12.97 136.6 154.6 224.1 6.982 
µ = 0.50 95.21 89.76 204.7 13.96 103.6 173.5 236.1 6.982 
µ = 1.00 94.01 89.76 188.6 13.96 81.19 177.5 231.9 10.97 

 

The acceleration patters for all three numerical experiments show a similar pattern. The calculated 

HIC values are far below the critical level of HIC15 = 700 (Chapter 1). An interesting observation is 

that for some of the dummies, the HIC values are slightly lower in case of a higher coefficient of 

friction between the bus and the concrete ditch. The highest difference of nearly 22% between the 

lowest (HIC=94.01) and highest (HIC=119.8) values can be observed for Dummy 1, which is located 

to the closest side of the impacting side of the bus. A screen capture from the Finite Element analysis 

is shown in Figure 86. 

 

 

Figure 86. Screen capture from the Finite Element analysis. 

 

A comparison of responses has been also made for passengers which were not restrained in the seats 

with two-point seatbelts. In this case, the analysis was carried out just for a one chosen parameter of 

coefficient of friction µ = 0.50. A screen capture from the analysis is shown in Figure 87, where the 

location of the passengers is shown at the time of 420 milliseconds after impact. 
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Figure 87. Position of the unbelted dummies after 420 milliseconds from the impact. 

 

The acceleration resultant plot for head nodes of all of the dummies are shown in Figure 88. It is 

visible, that two of the dummies (dummy 2 and dummy 4) experience larger accelerations than others. 

The HIC values for all of the dummies are shown in Table 18. 

 

 

Figure 88. Head node resultant accelerations for unbelted dummies during the ECE-R66 rollover analysis. 
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Table 18. Critical HIC values for each of the unbelted dummies during the Finite Element ECE-R66 rollover analysis. 

Head Injury Criteria for unbelted dummies, µ = 0.50 
Dummy 
1 (HIC15) 

@ Time 
(ms) 

Dummy 
2 (HIC15) 

@ Time 
(ms) 

Dummy 
3 (HIC15) 

@ Time 
(ms) 

Dummy 
4 (HIC15) 

@ Time 
(ms) 

71.55 13.98 1270 344.4 175.6 208.6 344 366.4 
 

Not surprisingly, the HIC values for the unbelted dummies are much higher than for the two-point 

seatbelt case. According to the results, the passenger who would be sitting in the position of Dummy 

2 would experience head injuries resulting in death. However, the results should be treated with 

caution as the HIC index evaluates the injuries related to brain damage due to high accelerations of 

the head during an instant of 15 milliseconds. Other injury criteria and tissue damage models are not 

taken into consideration. Also, the ECE-R66 rollover testing procedure was designed to evaluate the 

passenger compartment integrity and deformation. It does not imitate an actual rollover accident 

which may occur in real life situations. The range of possible accelerations, velocities and impact angles 

for an actual cutaway rollover accident has not been defined by any research so far. This leaves a void 

and potential investigation area in the research of human injury criteria during such type of cutaway 

bus accidents. Although the vehicle Finite Element model and the dummy models have been validated 

by previous research, the combined bus with passenger rollover analysis still needs validation and 

verification. It should be treated as an initial step of predicting and evaluating passenger related injuries 

of the tested cutaway bus models.  
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CHAPTER 6 

KEY FINDINGS AND CONCLUSIONS 

The analysis carried out in Chapter 4 and 5 show important and interesting findings on the relationship 

of the coefficient of friction on the vehicle structure deformation during the ECE-R66 rollover test. 

The friction experiments described in Chapter 4 show that discrepancies between the laboratory 

sample and field component tests exist. Component friction testing results for the original bus sample 

show nearly 6% lower results that those obtained during laboratory testing and nearly 7% higher 

results for field Teflon cover testing than small scale sample experiments. This noncompliance of 

results has been attributed to different testing environments and much higher normal load which 

causes grinding-off of the material surface during the in-situ testing. It has been also observed that the 

frequently used friction paint, which normally has a 63% higher coefficient of friction than the actual 

skin of the bus, proves to be useless in a full scale rollover test. This is due to the fact that it drops off 

due to a high normal force exerted on its surface during impact, revealing the original surface and 

therefore reducing the coefficient of friction to its original value (µ = 0.51). What is more important 

is that additional, relatively cheap materials such as the Teflon sheeting, can be used as a way of 

reducing the Deformation Index of the entire bus (up to 14% reduction in the investigated vehicle). 

The obtained average kinematic coefficient of friction for the Teflon material was 43% lower than for 

the original skin of the bus (µ = 0.33 for Teflon and µ = 0.51 for original fiberglass skin). In some 

cases, this might decide on the positive or negative evaluation of the tested bus according to the ECE-

R66 standard. The friction analysis has also indicated that it is of great importance to establish the 

coefficient of friction parameter in order to validate the Finite Element models used for any type of 

rollover analysis. The analysis showed that the Deformation Index of the selected bus may vary by up 

to 38% by assuming no friction forces (µ = 0.00) and full friction (µ = 1.00) between the bus and the 

concrete deck. Many researchers do not establish the coefficient of friction for their Finite Element 

rollover analysis, using a conservative approach instead (by setting the coefficient of friction on the 

level of µ = 0.70). This might lead to a false assumption of having a full validated and verified model, 

where the passenger compartment is over-stiffened to compensate for higher forces causing 

deformation due to an overestimated coefficient of friction parameter. 
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Finite Element analysis of the ECE-R66 rollover with implemented dummy models shown in Chapter 

5 indicates that for the most severe case of having no friction (µ = 0.00) and full friction (µ = 1.00)  

the Head Injury Criteria of the belted passengers can vary by up to 22%. However, these results should 

be treated with caution, as there is no obvious general pattern change for the dummy HIC values with 

the change of the coefficient of friction. Some dummies exhibit lower HIC values while other higher 

HIC with the increase of the coefficient of friction. What is more, in the ECE-R66 rollover test, the 

only acceleration acting on the passengers (dummies) is the gravitational acceleration, which might 

not hold true for an actual rollover accident. This explains the relatively low values of HIC (maximum 

of 34% the required HIC to consider the injuries to be fatal) which occur during the analysis. Together 

with the fact, that the actual fatal injuries in case of a rollover scenario might come from the damage 

of tissue or skeleton structure, further investigations must be carried out to establish (if any) the 

relationship between the coefficient of friction and overall human injury criteria. However, the 

obtained dummy head node accelerations and the correlation between the coefficient of friction 

(which influences the Deformation of the bus) and the HIC, indicate that there is also a need to 

investigate the correctness of the current Residual Space concept, which was established based on 

statistical research as discussed in Chapter 2. The proper assessment of the ‘Safety Space’ might 

radically change the safety requirements placed on the bus manufacturers, reducing or increasing the 

cost of each cutaway bus sold in countries where the ECE-R66 standard holds. 

6.1 Future work 

For researchers who would like to expand on the work completed here, the recommended adjustments 

and / or additions will be discussed in this section. The most significant change would be to conduct 

Finite Element analysis for more sophisticated dummy models (Such as the complete human body 

model THUMS) in order to evaluate the influence of the coefficient of friction on the safety of 

passengers during a rollover scenario. Also, alternative friction reducing materials could be tested to 

check their influence on the performance of vehicles during a rollover accident. An important aspect 

which should be investigated, is the validation of the current residual space concept and the relation 

between human injuries and the preservation of this space.  
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APPENDIX A 

DATA ACQUISITION SYSTEM CALIBRATION 

Figure 89 shows the voltage output curve used for calibration of the load cell used in the friction 

component testing experiments. The calibration was done by using 15 and 40 pound weights. The 

excitation voltage was 12 volt. 

 

 

Figure 89. Voltage output curve used for calibration of the load cell (15lb and 40lb test loading). 
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APPENDIX B 

INITIAL TEST DATA 

Figures 90 to 93 show initial experiments carried-out during the small scale sample testing. Various 

normal loads and pulling speeds were used. Also different surface finished concrete samples and 

watered samples were used. 

 

 

Figure 90. Friction force vs. time for an original bus skin sample (294 N load, 2 mm/s testing velocity). 

 

 

Figure 91. Friction force vs. time for an original bus skin sample (588 N load, 2 mm/s testing velocity). 
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Figure 92. Friction force vs. time for an original bus skin sample (441 N load, 2 mm/s testing velocity). 

 

 

Figure 93. Friction force vs. time results for a 'rough' concrete sample and original skin bus (441 N load, 4 mm/s 
pulling speed). 

 

An assessment of the impacting force exerted on the tested sample during the component test was 

carried out using a Finite Element analysis. The overview of the Finite Element model is shown in 

Figure 94.  
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APPENDIX C 

IMPACT FORCE CALCULATION 

 

 

Figure 94. Finite Element model of the impactor hitting the tested component (490 mm height). 

 

The forces exerted by the impactor dropped from 490 millimeters onto a concrete slab are shown in 

Figure 95.  

 

 

Figure 95. Normal force exerted on the impacted component by the impactor dropped from 490 mm height (4 
millisecond time interval). 
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Head Injury criteria which is calculated in Chapter 5 of this thesis are based on a 15 millisecond time 

interval where the head accelerations are the highest. Figure 96 shows filtered acceleration data for a 

selected dummy with indicated region used for calculating the HIC value. 

 

 

Figure 96. Head Injury Criteria calculation method for a selected dummy model. 
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