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Resumo 

Os acidentes envolvendo veículos pesados de passageiros (autocarros) são raros em 

Portugal. Contudo, por vezes, causam um número muito elevado de vítimas. Neste trabalho 

são estudados dois acidentes deste tipo (ocorridos em 2007 e 2013), onde 28 pessoas 

morreram no total e em ambos os autocarros capotaram. 

A determinação das condições em que os ocupantes viajavam, nomeadamente se 

utilizavam sistemas de retenção é relevante por implicações legais, um complemento para a 

reconstituição do acidente e, por outro lado, importante para a prevenção de lesões. 

Apresenta-se uma metodologia para a investigação e reconstituição de acidentes com 

autocarros incluindo a análise das lesões dos ocupantes, utilizando o software PC-CrashTM. Esta 

análise baseia-se numa correlação entre resultados das simulações computacionais e as lesões 

descritas em autópsias médico-legais, usando critérios de lesão (como Abbreviated Injury Score 

ou Injury Severity Scale). 

Concluiu-se que a diversidade de movimentos dos passageiros durante as simulações 

causa inúmeras lesões ou nenhumas; e dos modelos sem cinto de segurança resultam as taxas 

de mortalidade mais elevadas. 

Foi realizada uma análise estatística utilizando uma regressão logística multinominal, 

no software IBM® SPSS® Statistics 20. Concluiu-se que para a maior chance de não utilizar o 

cinto de segurança destacam-se os condutores: de autocarros; os dados como vítimas fatais, 

ou feridos graves; que conduziam ilegalmente; do género masculino e com mais de 75 anos. 

Fez-se um inquérito a 54 utilizadores de autocarros de viagens de longa distância: 35% 

não utiliza o cinto de segurança e 68% classificou a utilização do mesmo como muito 

importante. 

 

 

Palavras-Chave: Reconstituição de Acidentes de Autocarro, Biomecânica de Impacto, 

Critérios de Lesão, Cinto de segurança, Modelo Regressão Multinominal 
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Abstract 

In Portugal, bus accidents are uncommon, but recently there were two accidents with 

theses type of vehicles resulting in 28 dead people. They happened in 2007 and 2013 and the 

buses rolled over. 

To determine whether or not occupants were using any retention system is important 

given actual legal terms processes and accidents’ reconstructions. On the other hand, this is 

important to assure the relevance of campaigns to prevent people’s injuries caused by road 

accidents. The methodology presented allows investigating and performing the accident 

reconstruction where a bus is involved, using PC-CrashTM software. Injury analysis is based on 

injury criteria (such as Abbreviated Injury Score or Injury Severity Scale). 

It was verified that the diversity of movements that an unbelted passenger is subject 

to during a rolling over bus is huge. That can be related to serious injuries, death or absence of 

injuries. And there is a proportional relation between unbelted occupants and higher rates of 

fatality. 

A statistical analysis is performed, using a multinomial logistic regression model, 

provided by IBM® SPSS® Statistics 20 software. From that factors which are more likely when 

the driver was driving unbelted were highlighted. That factors are bus drivers, drivers seriously 

injured or who have died, driver who was driving outside the law, male drivers and drivers 

aged over 75. 

A survey was performed to 54 bus passengers; out of them 35% do not wear the seat 

belt, although 68% classify its use as very important. 

 

 

Key-Words: Bus Accident Reconstruction, Injury Biomechanics, Injury Criteria, Seat Belt, 
Multinomial Logistic Regression Model 
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Glossary 

Bruise – an injury caused by a blow or impact, appearing most frequently as an area of 

superficially intact dark toned skin, due to the rupturing of the underlying blood vessels; used 

interchangeably in medical literature with the terms Contusion or Ecchymosis. 

Excoriation – an injury caused most typically by a lateral rubbing action, appearing most 

frequently as an area of “scratched” skin, due to the partial removal of the skin’s outer surface. 

Hematoma – an injury caused by a blow or impact, appearing most frequently as an area of 

solid swelling under the skin, due to the accumulation of extra-vascular blood within the 

tissues. 

Hemorrhage – bleeding. It can refer to blood loss to the inside the body but out the vascular 

system (internal bleeding) or blood loss to the outside of the body (external bleeding). 

Injury – damage to the organs or physiological systems. 

Laceration – an injury caused by a blow or impact, which exceeds the resistance of the tissue 

and appears as an irregular and deep cut or tear, in the skin or internal tissues. 

Myelomalacia – general term for spinal cord damage involving hemorrhage and subsequent 

softening of the tissues. 

Occupant – passenger or driver of a vehicle. 

Paraplegia – paralysis of both lower extremities, due to spinal cord injury or disease. 

Predictor – Factor or variable which influences a situation/scenario. 

Quadriplegia – paralysis of all four limbs or of the entire body below the neck, due to spinal 

cord injury or disease. 

Road Accident – occurrence on the public way (road) involving at least one vehicle, with the 

knowledge of supervisory bodies (Portuguese national authorities) which results in victims. 

Rollover – the overturning of a vehicle. 

Victim – person involved in a road accident and which suffered physical injury.  
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1 INTRODUCTION 

1.1 Motivation 

This thesis is focused on the analysis of the consequences of heavy passenger vehicles 

(i.e. buses) accidents, relating the degree of injuries in vehicle occupants and the possible 

savety measures that can be applied, namely the use of seat belt.  

This study aims to contribute not only to the prevention of this kind of accidents, but 

also to improve the possibilities of avoiding their consequences, namely people’s injuries. 

The available statistical data underlines, and is on the basis of the interest in this 

subject. For instance, in Portugal, the last two bus accidents with a large number of fatal 

victims occurred in 2007 and 2013, accounting for a total of 28 fatalities [1][2]. Furthermore, 

the ratio between the number of people wearing seat belt and people not wearing it, in the 

event of a road accident involving buses, is low [1][2]. 

The main purpose here is to perform injury analysis and study the influence that seat 

belt use could have had in the injuries severity, regarding the victims of bus’ accidents. 

Finally, this is a study in the field of biomechanics, under the accidents investigation 

group of IDMEC at IST. Inclusion of the injury analysis, as well as its relation with the use of 

seat belts represents enhanced and more detailed reconstruction of the accident conditions. 

Aiming to study road accidents involving buses and consequent occupant’s injuries, this work is 

the one of first of its kind in this field (at least in Portugal). Bearing in mind innovation and the 

gap that could be overcome by investigating, the motivation to do this work is ever present. 

And even more, since this is also a bridge between medicine (specifically, forensic medicine) 

and engineering, which are the pillars of a biomedical engineer. 

1.2 Objectives 

The objective of this study is to classify people’s injuries caused by road accidents 

involving buses. To achieve that, simulations of bus road accidents using computational 

models of buses and computational biomechanical models were performed. It is also intended 

to classify those injuries through medical reports and compare both classifications afterwards. 

Establishing the relation between people’s injuries and whether they were wearing the 

seat belt or not is also a main objective. 

Moreover, it will be important to set up as objective the development of a reference 

(this document) which could be used to advise people who do not wear seat belts in buses 

(and in other vehicles) and showing them the consequences of their action. 

Additionally, the first part of this thesis is dedicated to a statistical study, seeking to 

clarify the factors that are related to drivers of vehicles (cars and buses) and buses’ passengers 

and with the use the seat belt in Portugal (during 2011 and 2012). 

1.3 Literature review 

There are many papers related to injuries caused by road accidents, but there were 

selected papers that also study the role of the most important retention system: the seat belt. 

Şimşekoğlu, Ö., & Lajunen, T. (2009), have affirmed “Seat belts are effective safety devices for 
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protecting car occupants from injuries and fatalities in road accidents”. The possible cause for 

an event is termed as risk factor and its presence potentially increases the probability of that 

event occurring [3]. So, at first stage, the goal is to find risks factors of do not use the seat belt 

and at same time, these should be associated with the severity of injuries. 

Chu, H. C. (2014), through an ordered logit model and latent class model examined 

significant factors of the severity of injuries in crashes involving high-deck buses, such as driver 

fatigue, driver or passengers not wearing seat belts, reckless driving, crashes occurred 

between midnight and dawn, and crashes occurred at interchange ramps. These were 

classified as cause of more severe injuries. In this study the issue of ejection from a high-deck 

bus was also studied because the higher centre of gravity could cause serious and fatal injuries 

(loads from the impact with the floor are higher); thus the use of seat belts is extremely 

recommended (even more when travelling at high speed on motorways) [4]. 

Focused on analysing injuries severities involving vehicles crashes (car or van), Xie et al. 

(2012) used a model similar to multinomial logit model (MNL), where the following variables 

were considered relevant: driver information (age, race, fatigue, wearing seat belt, being 

ejected from the vehicle); airbag was activated; weather, lighting, speed information and 

roadway information [5]. 

The localization of the accident is regarded as the major factor in Eiksund (2009) study, 

where he says that “municipalities were selected on the basis of specific characteristics”, 

further the same author studies the attitudes and behaviour of drivers based on items 

concerning speeding, seat belt use and drinking and driving. The variables age, gender and 

education were also used and the method was the logistic regression model (binary or ordinal, 

depending on the variables) [6]. Age (22-24 compared with younger’s drivers) and localization 

(comparing peri-urban with urban areas) had a significantly increased OR (being 1.5 for the 

first and 5.3 for the second, respectively). The same method is also used by Travis et al. (2012) 

who analysed motorists with severe injuries (or who have died) caused by car and heavy truck 

crashes; based on their gender, age, level of alcohol in the blood and if they were wearing seat 

belt (the situation of ejection from the vehicle is also mentioned), and other factors like the 

weather, localization and vehicle damage, for example [7]. The male gender, the older age and 

the unbelted occupants are related to odds of death significantly increased. 

With the study of Ghorbanali Mohammadi (2011), studying the influence of driver 

gender at a specific age (students aged 18-24 years), the attention is drawn to the mobile 

phone use and its consequence for road injuries [8].  

Reyero Díez et al. (2010), also identify age and ejection from the vehicle as risk factors 

associated with severity of injuries, and they used the multinomial regression model (MLR) [9]. 

There are other factors but fewer times mentioned in the literature, such as high 

education level of the participants in the studies, which is likely to influence seat belt use [3]. 

Furthermore, Zhu and Srinivasan (2011) in the study titled as "Modeling occupant-level 

injury severity: An application to large-truck crashes.”, affirm that highest injury severity is not 

a mirror of the severity of the crash. Moreover, the inappropriate behaviour of the driver like 

inattention or use of drugs are statistically predictors of injuries severity and the availability of 

airbags and use of seat belt are, on the other hand, associated with less severe injuries. They 

used an ordered-probit model to analyse the injury severities of all persons involved in a 

certain accident [5]. 
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To perform the statistical analysis, the IBM® SPSS® Statistics 20 is used, it is a well-

known tool defined as “the most widely used computer package for analysing quantitative 

data” [10]. 

Following, fundamental concepts about human anatomy are crucial in works about 

injury. The localization of affected organs and tissues and the respective association with risk 

of life is important too. So, to observe the body segments, a 3D model is used throughout the 

text, it belongs to the software Zygote™ and it is an on-line free application from Zygote 3D 

anatomy atlas and dissection lab [11]. 

The assessment and analysis of injuries are only possible if a quantification of the 

injuries is done according to their severity. And for comparing data provided by medical and/or 

police reports and data obtained through computer simulation under the same quantification 

has to be done. Thus, tools like a scale could be useful if the same scale is suitable for 

biomechanical models and accident reports. Indeed, this kind of scales is being developed and 

currently the most used scale is the Abbreviated Injury Scale (AIS), which is a “standardized 

system for categorizing the type of injuries arising from vehicles crashes” [12]; it is divided in 

categories and can be applied to different body segments; each category represents a treat-to-

life associated with an injury. Besides, there is the Injury Severity Score (ISS) for patients with 

multiple injuries since this scale is calculated based on the AIS value of more than one region 

[12]. 

There is a methodology based on injury criteria which relates the injury severity with 

anatomical characteristics of each region. About injury criteria, Viano (2000) concluded that: 

“Effective occupant restraints, safety systems, and protective equipment not only spread 

impact energy over the strongest body structures but also reduce contact velocity between the 

body and the impacted surface or object. The design of protective systems is aided by an 

understanding of injury mechanisms, quantification of human tolerance levels, and 

development of numerical relationships between measurable engineering parameters, such as 

force, acceleration, or deformation, and injury. These relationships are called injury criteria. “ 

Addictionay, in the case of road accidents involving a bus, the probability of occupants 

being ejected is higher than if it was a car, due to the centre of gravity and size of the 

windows; additionally the large space between the seats allows greater displacement of the 

body even inside the bus [4]. 

Finally, two software could be used for performing the simulations and obtaining injury 

criteria of the case studies: MADYMO (Mathematical Dynamic Models) or PC-CrashTM. 

MADYMO is a computer program that simulates the dynamic behaviour of physical systems, 

with an emphasis on the analysis of the vehicle collisions and the assessment of injuries 

sustained by the occupants [13]. PC-Crash™ is defined as a tool that enables quick and 

accurate analysis of a wide variety of motor vehicle collisions and other incidents. It can 

simulate many kinds of collisions (including roll over) and occupant movements [14]. 

1.4 Thesis outline 

The thesis is structured as it follows:  

 

Chapter 1 - On the current chapter it is presented the motivation and objectives of this 

study. A literature review is also presented, which focuses in the factors related to wearing or 
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not the seat belt and subjects related to the classification of injuries; some computational 

software are also mentioned. Note that in that section, the issues are refereed by the order 

that they are mentioned throughout the study. 

 

Chapter 2 – On this chapter road accidents statistics are presented concerning seat 

belt use (in the European Union and particularly in Portugal). It is also presented the 

methodology, results and discussion sections of the statistical analysis related to factors 

correlated with seat belt use by occupants of vehicles of passengers. The statistical analysis is 

performed using SPSS® software. Two Statistical analyses are done because there are two 

different public targets; the former is about drivers and in the latter passengers are studied. 

 

Chapter 3 – On this chapter, it is introduced the concept of accident reconstruction. 

This encompasses the explanation of how the vehicle and biomechanical models used are 

defined in PC-CrashTM software. The result of a bus computational simulation (without 

occupants’ simulation) based on a case study is also shown (it is road accident reconstruction 

developed at IDMEC). 

 

Chapter 4 – On this chapter a human anatomical review is presented. There is also a 

brief explanation of the medico-legal autopsy/report template and the Injury Severity 

Evaluation scales are introduced. Then, Injury Criteria are presented for each body region 

(head, neck, thorax, abdomen, pelvis and lower and upper limbs), following by the 

methodology from which the relations between the Injury Criteria and the Injury’ Analysis is 

defined. 

 

Chapter 5 – This chapter starts with the selection of the study cases in order to 

perform bus occupants’ simulation using PC-CrashTM. Moreover this computational simulation 

is done using two different occupant models: belted occupant (the occupant simulated as if 

wearing a seat belt) and the unbelted occupant (simulated as if not wearing a seat belt). The 

following results section presents the injury’ analysis, which is done based on the methodology 

previously explained. The classification of injuries performed using the medical reports data is 

also presented. 

 

Chapter 6 – On this last chapter the limitations of this study are discussed, and the 

conclusions are presented. Next, there is a recommendations section, where some 

improvements to the methods used in this study are suggested, and other remarks are shared. 
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2 STATISTICAL ANALYSIS INVOLVING BUSES’ ACCIDENTS 

Statistical analyses are often done by national and international entities because those 

play a significant role in the improvement of road safety, understanding the different 

situations and identifying factors related to each of these. Indeed, numbers are always clear to 

understand and to sensitize people. In this chapter, it is intended to raise awareness about 

how road safety can contribute (using statistical analyses) to fewer fatalities, fewer injured 

people and lower number of accidents, which is what has been happening since 1991 until 

now (Figure 1) [15]. 

 

Figure 1 - Road safety trend in EU from 1991 to 2013 [15] 

Figure 2 compares the total of fatalities resulted from accidents involving buses where 

that positive trend is shown, principally by “Average EU-15”. This data was obtained from 

CARE [15]. 

 

Figure 2 - Fatalities number in accidents involving buses in European Union [15] 

The implementation of a number of proven measures addressing not only the safety of 

the road user but also vehicle safety, road environment and post-crash care in certain 
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countries (such as Austria, the Belgium and the United Kingdom), has achieved steady declines 

in the number of accidents, which allows decreasing road traffic fatalities rates [16]. 

2.1 Portuguese situation 

Portugal is almost always below the European average (Figure 2), but it is still 

necessary to continue working on road traffic prevention in order to minimize the number of 

injured people, even if it means making efforts at the national level. In order to understand the 

Portuguese situation, additionally to the CARE data, National Road Safety Authority 

(Autoridade Nacional de Segurança Rodoviária – ANSR) databases were consulted [1][2]. An 

ANSR database comprises information about accidents in which drivers or passengers or 

pedestrians suffered some degree of injury (Minor, Serious or Fatal) in a road accident. 

In Portugal, the fatalities caused by road accidents have also decreased over the years. 

Regarding the type of vehicle involved in accidents with fatalities, it is possible to observe very 

different gross rates for each type of vehicle (Figure 3). 

 

Figure 3 - Fatalities per 100 victims of road accidents in Portugal on a yearly basis [15] 

Focusing in the bus’ data, the number of fatalities is the lowest represent in Figure 3 

(red). Indeed, there are fewer accidents involving buses than accidents involving any other 

type of vehicle but there are also less buses on road than the others vehicles [15]. However 

when a bus is involved in an accident, the number of potentials victims increases greatly, 

which makes the subject of this study more interesting. For instance, in 2007 just one accident 

caused 13 fatal victims and this fact is observable in the Figure 3. 

Further, wearing a seat belt is not optional. According to the Portuguese law, occupant 

(drivers and passengers) in passenger vehicles (buses or cars) must use the seat belt or an 

appropriate retention system needed to transport children under the age of 13 or whose 

height is less than 135 cm [17]. In Portugal, nevertheless, there is a significant number of 

passengers that does not wear seat belt when travelling by bus. Figure 4 shows the number of 

people who were wearing seat belt and who were not, among 409 passengers that suffered 

injuries or died because they were involved in a bus accident (in 2011 and 2012 biennium). 
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Figure 4 - Number of injured passengers that were involved in bus accidents: with and without seat belt [1][2] 

Even with the decrease from 2011 to 2012 in the number of people that do not wear 

seat belt; the difference is just approximately 50 persons, which is not a significant number, 

since it is similar to the capacity of a single bus. Thus, this difference can be due to only one 

accident. However this fact points out the reality of bus accidents, i.e. only one accident can 

result in a lot of injured people. 

Next, buses’ occupants were classified as Minor Injured, Seriously Injured or Fatal 

Victim. In 2011 and 2012, there were 64 passengers with minor injuries and 0 passengers 

seriously injured or dead, among those wearing seat belts. Regarding those not wearing seat 

belt, there were 3 deaths, 13 passengers seriously injured and 329 passengers with minor 

injuries (Figure 5). 

 

Figure 5 - Number of injured passengers not wearing the seat belt classified by, type of injury [1][2] 

Additionally, during 2011 and 2012, there were 29 accidents (14 and 15, respectively) 

that caused injury to at least one child. The use of appropriate retention systems seems to be 

neglected, since only 2 out of 38 children were travelling safely when the accidents occurred 

(Figure 6). These children are all classified as minor injured, but this fact does not decrease the 

danger of the situation in which they were involved. The ANSR database does not allow 

filtering data by height so it was filtered based on age (children under 13 were selected). 

However, the hypothesis of wearing the seat belt instead of the respective retention system 

for children could be safe and legal if they are taller than 1501cm. 

                                                           
1
 Nowadays the minimum height requirement for children is 135 cm because the law has been 

amended, but since this study is based on a database created previously to that change the height 
considered is 150 cm [17]. 
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Figure 6 - Number of injured children according to retention system used in their transport [1][2] 

Therefore, not wearing the seat belt is an offence under the Portuguse Motorway 

Code and the negative consequences of this behaviour should help minimizing this attitude, 

e.g. in awareness campaigns [6]. And adults are responsable for children safety when acting as 

their tutors, so neglecting the use of an appropriate retention system, besides demonstrating a 

serious lack of responsibility, is a breach of the law. 

Finally, and regarding bus drivers, according to ANSR databases (2011 and 2012), 49 

out of 52 drivers were wearing the seat belt; among these, 3 suffered serious injuries on the 

other hand 46 suffered only minor injuries, which is a positive indicator for the relation 

between seat belt use and driver safety [1][2]. 

2.2 Statistical analysis of factors associated with seat belt use by 

occupants of passenger vehicles 

Nowadays, meaningful, valid and truthful statistics are often the base of scientific 

researches because it is important to know what have been the tendencies, understanding the 

relevance of a certain issue at present. Thus, in addition to what was done in section 2.1, a 

wider analysis is intended to be carried out in this section and the results obtained will be 

related to results from other studies previously done. 

Moreover, knowing that accidents involving cars occur often, this statistical analysis 

includes data related to that type of vehicle besides buses accident data, but only for the 

analysis of drivers’ behaviours (for the analysis of passengers’ behaviours only bus passengers 

data was analysed). 

Bearing that in mind, the main topic of this section is to analyse the relation between 

certain factors and the use of seat belt, in order to extrapolate if a certain bus’ occupant or car 

driver are more or less likely to be wearing the seat belt at the time of the accident. The IBM® 

SPSS® Statistics 20 (hereinafter SPSS®) was the software used, as mentioned before. 

2.2.1 Data sources 

The data used in this section was provided by ANSR. As previously stated, in the ANSR 

database there is detailed information about road accidents in Portugal that caused injuries in 

driver(s), passenger(s) and/or pedestrian(s). The necessary information was obtained by 

filtering that database, because only some factors are interesting for the purpose here 

analysed and have already been the subject of others studies, as referred to in the literature 
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review section. Unfortunately, not all of the factors reviewed there will be analysed since they 

are not reported in ANSR, either because they could not be measured or were not present in 

the accident scenario (such as education level of the occupants or pre-accident vehicles’ 

velocities). 

In the ANSR database, each entry (injured individual involved in a certain road 

accident) is a row (a case) while each factor (a variable) is a column. Some columns and rows 

had to be deleted, i.e. the cases in which the injured person was not a bus or car driver or bus 

passenger were deleted, as well as the columns of factors which were not relevant for this 

analysis. Moreover, there were several cells where the inscription “nd” (undefined 

information) and these were labelled as missing, thus less uncompromised results were 

reached. To sum up, this process resulted in a work database with 23 728 cases to analyse. 

2.2.2 Methodology 

The purpose of this study is to explore the factors related to the use of seat belt, and 

to test the hypothesis that serious injuries are related to not wearing the seat belt. 

More studies concerning drivers were found in the literature review than those in 

which passengers were also object of study. For instance, Chu, H. C. (2014) and Şimşekoğlu, Ö., 

and Lajunen, T. (2009), already mentioned, studied the behaviour of driver and passenger(s), 

while Xie, Y., et al. (2012) (also referred previously) only studied the drivers [3][4][18]. It were 

performed two separate analyses: one concerning drivers and other concerning passengers. 

So, 23 308 cases were analysed concerning drivers and 420 concerning passengers (the 

number of accidents in the case of the analysis of the drivers is the same but in the case of 

passengers it decreased to 40 accidents) [1][2]. Drivers were the first object of study and then 

an analysis of passengers was performed. 

2.2.3 Variables 

In drivers’ statistical analysis, cases which involve car drivers were included too. This 

inclusion improves the results, since the sample size increases and bus dand car drivers should 

be the example to the pannssengers wearing always the seat belt and commanding the 

passengers have the same behaviour. In the case of the analysis of passengers this was not 

done because the study cases of the computacional simulations perfom in Chapter 5 are only 

concerning about bus’ passengers injuries. 

In order to perform the intended statistical analysis, the use of seat belt was defined as 

the dependent variable (nominal variable), and it only has two categories, named as “Wearing” 

(reference category) and “Not Wearing”; for the cases in which the seat belt was being used 

and in which it was not, respectively. For the analysis of passengers’ behaviours, which are 

under the age of 13, the use of an appropriate retention system was included in the “Wearing” 

category, while children not using it were included in the “Not Wearing” category. 

Regarding independent variables (previously mentioned as factors and in SPSS® named 

as covariates or parameters), they are deemed as the greatest influence in the use of the seat 

belt. Their selection was based on the ANSR database, on literature review and on statistical 

analysis previously performed (in which the influence of several parameters chosen, on the 

basis of common sense was observed). These independent variables were classified into two 

groups: Human Factors and Other Factors and subsequently divided in categories.  
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For the analysis of drivers, 54 categories were taken into consideration regarding 8 

different factors (hereinafter factors or independent variables or predictors). The Human 

Factors are composed of Injury Severity, Blood Alcohol Level, Driving License, Gender and Age 

while the Category of the Vehicle, Localization and District are classified as Other Factors. 

First, to predict Injury Severity influence, three categories were considering according 

to the condition of the person at the moment of the accident and during the next 30 days (like 

in the ANSR database) and they are Fatal Victim, Seriously Injured and Minor Injured. Next, 

Blood Alcohol Level was transformed into a nominal independent variable and the levels were 

divided into 4 categories: no alcohol, i.e. 0 g/l; from 0.01 to 0.49 g/l and from 0.50 to 1.19 g/l 

(which are levels deemed as severe and very severe violations of the Motorway code); and 

equal to or higher than 1.20 g/l of alcohol in the blood, which is a crime2 [17]. The variable Age 

was also a predictor in which a transformation in nominal independent variable was needed 

and this was done by grouping the age of each victim in 4 intervals: children/teenagers not 

allowed to drive (from the age of 0 to 17), young population (18 to 35 years old), middle age 

(36 to 74 years old) and older population (aged 75 and more). Driving License and Gender 

predictors were both divided in two categories. Although the Gender division was already 

done in ANSR database (Female and Male categories), in the case of the Driving License the 

several categories presented in ANSR database were grouped in two: Legal (for drivers in 

instruction/exam situation or with proper driving license) and Illegal (for drivers without 

driving license, with expired/suspended driving license or whose driving license does not 

entitle them to drive the vehicle involved in the accident). 

Regarding the Other Factors, the Localization independent variable is composed of two 

categories: accidents that occurred Inside the Urban Area and accidents that occurred Outside. 

About the District factor, it was composed of 18 categories, the number of districts of 

mainland Portugal. 

On the other hand, in the analysis of passengers, the results are based on the relation 

between the Retention System of the passenger and the following factors: Month (12 months 

of the year), Week (Workdays and Weekend), Hour of the accident, District (18 districts), 

Localization (Inside or Outside the Urban Area), Illumination of the local (Day; Dawn and 

Twilight; and Night), and passenger’s Gender, Age and type of Injury suffered (the categories 

are the same used in the analysis of drivers). The criteria to organizing the categories of each 

factor were similar for analysis of the drivers. 

The frequency distribution of all variables considered in the statistical model for the 

analysis of the drivers is presented in  

Table 45 (Annex I B.) and for the analysis of the passengers it is present in Table 52 

(Annex I C.). At this stage, it is important to note that in relation to drivers there are 134 

(0.57%) out of 23 308 that were “Not Wearing” the seat belt, while in relation to passengers 

there are 356 (84.76%) out of 420 that were not using the “Retention System”. 

It is important to recall that the two statistical analyses were done separately: one for 

drivers’ and another for passengers’ data. 

                                                           
2
 Values for the Motorway Code in force at the day of the accident [17]. 
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2.2.4 Statistical Model 

Using the SPSS®, a Multinomial Logistic Regression (MLR) model was used in this study. 

This model is used for unordered categorical response variables in social research [19]. In this 

study there is not an order in the categories (wearing or not wearing seat belt). MLR is a simple 

extension of binary logistic regression that allows for more than two categories of the 

dependent or outcome variable. Like binary logistic regression, multinomial logistic regression 

uses maximum likelihood estimation to evaluate the probability of categorical membership 

[20]. Here, the dependent variable is composed only by two outcomes, but, firstly it was tried 

to do a study where dependent variable was composed of three categories. But one of those 

categories had to be removed, because it grouped the drivers are not enforced do to use the 

seat belt (e.g. police officers) and its presence was not allowing results validation since it was 

increasing the number of drivers that do not use the seat belt. However the MLR model could 

be use in the same way. To sum up, a MLR (in SPSS®) is a method that fits multiple logistic 

regressions on a multi-category unordered response variable (that has been coded) [21]. 

Regarding the independent variables, the model is based on a comparison between 

their categories, involving the definition of a reference category for each. So, when there are   

categories in a variable, the model consists of     equations and the probability of occurring 

the category     is calculated in relation to the reference category  . Therefore, knowing that 

   is the response, which takes integer values from 1 to  , the model can be defined by 

Equation 1 [22][19] 

    
           

           
     

       

       

     
                                        (1) 

where   
           

 
   , is a function of the independent variables, associated to each 

    categories of the dependent variable, being      , and    and    vectors with       

dimension and     represents the linear predictor. To this model there are   predictors 

(independent variables),   categories and thus             estimated parameters [19].  

The parameters are estimated through an iterative maximum likelihood method, the 

logistic regression uses a likelihood function where the estimated     and    maximize the 

likelihood function. These parameters are adjusted iteratively and this calculation stops when 

the maximum likelihood is reached [22][23]. 

Bearing this model in mind and the intention to calculate Odds Ratio (OR), the 

probability of the occurrence of the event of interest can be calculated using the Equations 2 

and (3) [19]. 
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(3) 

Odds Ratio refers to the ratio between the probabilities of the categories, i.e. between 

the probabilities of occurrence the category   and the reference category  . And a linear 

function, after an exponential transformation, allows to observe the relation between the 
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logarithm of the odds in favour of occurrence with a certain category   as the independent 

variable under analysis (Equation 4) [19]. 

     
   

   
        

                                     (4) 

The transformation is done because it is usually difficult to model a variable which has 

restricted range, such as probability. It maps probability ranging between 0 and 1, to log odds 

ranging from negative infinity to positive infinity [24]. 

Moreover, the OR is one of a measure of statistics used to assess the chance of a 

particular outcome if a certain factor is present. If the odds are greater than one, the event is 

more likely to occur than does not occur [25]. 

Finally, OR is given by Equation 5 [19] 

     
  
  

  
     

    

   
    

    

   
     

       
     

     (5) 

being  
   

   
     the odd value in favor to occurrence of category   when one independent 

variable is defined at     level and   
   is the parameter associated. The level    of the 

category    of the independent variable is what is being analysed. The same is valid for the     

level of the explanatory variable. In SPSS®, the reference level is the last level of the coded 

categories by default and its OR is always one (it is worth remembering that although the 

coding in SPSS® is done using numbers, it is nominal for this application, so the “last” level 

does not imply a “higher” or “stronger” value). Thus if the OR of a     is greater than one, the 

category j has a higher odd to occur than   for the level    . 

The confidence level is the probably of the Confidence Interval (CI) containing the true 

OR. It was used a 95% CI, which gives a comfortable confidence about the OR obtained. This CI 

is associated with a critical p-value         . The CI and p-value allow to ensure the 

improvement of quality and veracity of the study from the statically point of view.  

According to the SPSS® features, to evaluate the significance of relationships between 

two (or more) nominal-level variables the Chi-square is the versatile statistical test used. And 

in order to perform a chi-square test in SPSS®, all categories have to be coded as numbers [22]. 

Table 1 contains the analysed variables (for the analysis of the drivers), including the reference 

of each, and the SPSS® code (the reference category has always the last (which is the higher) 

code number by default). 



13 

Table 1 - Variables used in analysis of drivers, including factors’ reference category, and SPSS® code 

 
 

To perform the passengers’ analysis, similar codification was done and the MLR was 

also the statistical model used. 

Besides the p-value and CI, there are tests and values of reference provided by SPSS®, 

which allow validation of the method, and to ensure the veracity of the results. Next, in 

parallel with the presentation of the results, those will be introduced and it will be mentioned 

how/why they are parameters of decision. 

2.2.5 Drivers’ Results 

The sample is composed of 23308 drivers (12395 men and 10913 women) and the 

mean age is 41 year old. 

Firstly, some improvements to the parameters had to be done in order to reach valid 

results, since the data presented a lot of entries without information, as mentioned. These 

entries had to be cleared (coded as missing), approaching the model to the real situation, as 

 Seat Belt: Wearing (reference) 

Seat Belt: 
Not 

Wearing 

Category of the Vehicle 
2. Light (reference) 

1. Heavy 

Injury Severity 

3. Minor Injury (reference) 

1. Seriously injury 

2. Fatal 

Blood Alcohol Level 

4. 0 g/l (reference) 

1. From 0.01 to 0.49 g/l 

2. From 0.50 to 1.19 g/l 

3. More than or equal to 1.20 g/l 

Driving License 
2. Legal (reference) 

1. Illegal 

Gender 
2. Male (reference) 

1. Female 

Age 

4. From 18 to 35 years old (reference) 

1. Less than 18 years old 

2. From 36 to 74 years old 

3. More than or equal to 75 years old 

Localization 
2. Inside urban area (reference) 

1. Outside urban area 

District 

18. Lisboa (reference) 

1. Aveiro 

2. Beja 

3. Braga 

4. Bragança 

5. Castelo Branco 

6. Coimbra 

7. Évora 

8. Faro 

9. Guarda 

10.Leiria 

11.Portalegre 

12.Porto 

13.Santarém 

14.Setúbal 

15.Viseu 

16.Vila Real 

17.Viana do Castelo 
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mentioned. Before this correction, the results obtained were interesting but the entries 

without information were influencing the values provided by SPSS®. Consequently, the 

statistical indicators such as p-value and “Pseudo  -square”3 showed better performance from 

the model. Nevertheless, the p-values indicate that some factors, where p-value is greater 

than    , would be excluded from the model when the MLR is computed using the Forward 

Stepwise method. Thus, some the factors were reconfigured by modifying or by collapsing 

some of their categories. 

The final results were reached using a Forward Stepwise method, i.e. the factors were 

included in the intercept model (“empty” model) by an order, in sequence (as opposed to 

“enter” models, in which all the factor are included at once. This means that the significance of 

including one factor at each stage is tested [26]. Bearing this in mind, as well as the overall 

purpose of this study, the independent variables were added in the following sequence: 

Category of the Vehicle, Injury Severity, Blood Alcohol Level, Driving License, Gender, Age, 

Vehicle’s Service, Month of the Accident, Day of the Accident, Hour of the Accident, Type of 

Road, District, Localization and Illumination. So, the importance of the vehicle that was been 

driven and Human Factors to this study is high. Besides, there were priority factors: Category 

of the Vehicle and Injury Severity were added to the empty model as “Forced Entry Term” to 

ensure the inclusion of these since they are the crucial factors of the study. Thus, according to 

that sequence each factor was included in the model if its influence was positive to the quality 

of the model; otherwise, it was not included in the MLR analysis. This methodology ended 

without the inclusion of the 8 factors in the model: Vehicle’s Service, Month of the Accident, 

Day of the Accident, Hour of the Accident, Type of Road, Illumination, Driving License and Age 

(Annex I A). More reconfigurations of the categories were done again minimizing the number 

of excluded factors. 

The factors Driving License and Age were included as “Forced Entry Term” since it 

made sense from a theoretical and common sense point of view, and did not negatively 

impacted the overall quality of the model. Although their p-value in the “model fitting 

information” were too high and the SPSS® output warned also about the existence of 

singularities in the hessian matrix4 (caused by the forced inclusion of the factor Age). However 

due to the importance of this variable and verifying that the whole model was not 

compromised with their inclusion, it also makes part of the final model (Annex I B). 

On the other hand, the factor District, as it is presented, has an accepted p-value in the 

"Likelihood Ratio Tests" (Annex I B – Table 49), although its categories do not have statistical 

significance, but it was verified that its inclusion made an improvement on the parameters 

which allows the insurance of the quality, accuracy and significance of the chosen statistical 

model. This justifies permanency of the factor in the model. 

Additionally to the "Model fitting information" (Annex I B – Table 47), the output of 

SPSS® presents different values for the “Goodness-of-Fit” (Pearson and Deviance) and for 

“Pseudo  -square”      parameters which, in parallel with p-values, permitted the 

adjustment of the model (Annex I B – Table 48). They also allow to state that the final model is 

better than the intercept model, since the "Model fitting information" the 2-Log Likelihood 

criteria for the final model is lower than for value of intercept model, as lower values indicate a 

                                                           
3
Pseudo    is a statistical indicator, with values closer to absolute 1, indicating a better model fit. 

4
 These singularities represent that the model has too many variables or that there are categories with 

low frequency within the considered independents variables [27]. 
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better adjustment of the model to the data (moreover the p-value is the best possible: 

       ) [28]. Furthermore,    values should be at least greater than      and in the 

majority of the indicators they are (Cox and Snell: 0.008, Nagelkerke:       and McFadden: 

0.108). In addition, “Goodness-of-Fit” test results should have p-values greater than the critical 

value of     , and they have (p-values are       and       for Pearson and Deviance, 

respectively), increasing the confidence that the model is well adjusted to the data. Globally, 

the model has got       of accuracy between the observable and predicted values (Annex I B 

– Table 51). 

Considering the other results reported and analysed, SPSS® also outputs the 

“Estimated Parameters” (Annex I B – Table 50), which will be analysed in detail from now on. 

The “Estimated Parameters” allow going throughout each independent variable and, within 

their categories, to understand which are the most relevant (keeping in mind the objectives of 

this study and scientific plausibility, of course). Moreover, it is necessary to clarify that the 

interpretation of that parameters could be done through logistic coefficient ( ) signal or 

through the exponential of the same coefficient (      ). The value of (      ) represents 

the adjusted odds ratio associated to each category of the factors. Furthermore, a negative 

signal of   for a given category means that the response is less likely than the respective 

category (for the same factor) and, inversely, a positive signal of   means that it is more likely. 

       can be interpreted like B is, i.e., if the value is greater than 1, it indicates how much 

the predictor increases the OR of the response category when compared with reference 

category. If           , that indicates that there is no effects in the categories in analysis 

(this happens when      ). Finally, if        is smaller than  , it indicates how much the 

predictor decreases the OR of response category, when compared with the reference category 

[28]. 

Afterwards, simultaneously with the p-value, it is considering a     CI for the        

of each category, as mentioned. This indicates that the OR takes values between the lower and 

upper bounds,    out of     times that it is calculated. Table 2 summarises the results of 

statistical analysis of drivers, which interpretation is following. 
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Table 2 - Results of the statistical analysis of (bus and car) drivers; Dependent Variable: Use of the seat belt 
(wearing/not wearing); number of cases included in the model = 23308 

Independent Variables Category p-value OR (CI of 95%) 

Type of Vehicle 
Car (reference)  1 

Bus 0.000 12.243 

Injury Severity 

Minor injured (reference)  1 

Serious Injury 0.000 5.979 

Fatal 0.021 5.696 

Blood Alcohol Level 

0 g/l (reference)  1 

From 0.01 to 0.49 g/l 0.787 0.823 

From 0.50 to 1.19 g/l 0.023 2.359 

More than or equal to 1.20 g/l 0.000 3.656 

Driving License 
Legal (reference)  1 

Illegal 0.045 2.269 

Gender 
Male (reference)  1 

Female 0.003 0.523 

Age 

From 18 to 35 years old (reference)  1 

From 36 to 74 years old 0.893 1.027 

More than or equal to 75 years old 0.041 2.027 

Localization 
Inside urban area (reference)  1 

Outside urban area 0.002 0.505 

District 
Lisboa (reference)  1 

Aveiro 0.020 0.245 

 

Analysing the factor Type of Vehicle (Figure 7), there is no doubt that drivers of the 

buses are more likely to not use the seat belt. Observing the p-value (       ), this 

association is statistically significant, and since the CI is high, it is possible to affirm that there is 

an increase of       of the odds of occurring the “Not Wearing” than “Wearing” in Bus 

predictor category, comparing with Car category. 

 

Figure 7 - OR (95% CI) and statistical significance for "Category of the vehicle" independent variable 

Considering the Injury Severity independent variable (Figure 8), Seriously Injured and 

Fatal categories are more likely (strongly related) to “Not Wearing”. This association is 

statically significant (        and        ) and there is an increase of      and      of 

the odds of occurring “Not Wearing” than “Wearing” in Injury Severity categories, Serious 

Injury and Fatal, respectively when these are compared with reference category (Minor 

Injured). 

1 

12.24 
Car (reference) Bus (p=0.000) 
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Figure 8 - OR (95% CI) and statistical significance for "Injury Severity" independent variable. 

Regarding the Blood Alcohol Level factor (Figure 9), its analysis shows a different 

picture than those previously analysed. It consists that in the category that grouped drivers 

with      to      g/l in blood, the p-value is greater than the critical value of      (       ), 

so the results are not statiscally significant. Still, the odds ratio is smaller than 1 (OR       ), 

which could mean that some drivers in this category, do not wear the seat belt. On the other 

hand, when the drivers have more than      g/l of blood alcohol level, the categories are more 

likely to “Not Wearing” the seat belt than “Wearing” the seat belt. This fact has statistical 

significance (        and        ), thus, when compared to drivers with 0 g/l of blood 

alcohol level, there is a mean increase of 1.36 and 2.66 of the odds for “Not Wearing” when 

the blood alcohol level is between      g/l and      g/l, and it is above or equal to      g/l, 

respectively. 

 

Figure 9 - OR (95% CI) and statistical significance for "Blood Alcohol Level" independent variable 

Taking into account the Driving License factor (Figure 10), although knowing that as a 

whole it has no statistical significance, since its p-value is greater than              , the 

importance of this factor is the cause of its inclusion, as it was previously mentioned. So, 

drivers in illegally situation are more likely to “Not Wearing” the seat belt than “Wearing” the 

seat belt compared with drivers in legally situation, once there is an increase of      of the 

odds of occurring the “Not Wearing” safety belt where driver is not under the Portuguese 

Motorway Code. In this case the significance statistical is closer from the critical value 

         , even though it is valid. 

1 1 1 0.82 

2.36 

3.66 

0 g/l (reference) From 0.01 to 0.49 g/l (p=0.787) 

From 0.50 to 1.19 g/l (P=0.023) More than or equal to 1.20 g/l (p=0.000) 
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Figure 10 - OR (95% CI) and statistical significance for "Driving License" independent variable 

Considering the Gender of the driver predictor (Figure 11), women are more likely to 

“Wearing” the seat belt than “Not Wearing” the seat belt, when compared with males (the 

reference gender category). With statistical significance          , it is possible to affirm 

that when driver is a female, there is a decrease of      of the odds of occurring the situation 

of driving without seat belt. 

 

Figure 11- OR (95% CI) and statistical significance for "Gender" independent variable 

Analysing the Localization independent variable (Figure 12), it is more likely to 

“Wearing” the seat belt than “Not Wearing” the seat belt, outside of the urban area, since 

there is a decrease of      of the odds of occurring “Not Wearing”, with high statistical 

significance          . 

 

Figure 12 - OR (95% CI) and statistical significance for "Localization" independent variable 

Concerning the District predictor (Figure 13), the only category with a significant p-

value is Aveiro          , when Lisboa is the reference category. In this district “Wearing” 

the seat belt is more likely than “Not Wearing” it, since there is a decrease of      of the odds 

of occurring “Not Wearing” when compared with the reference category, Lisbon (Lisboa in 

Portuguese). 

1 
2.27 

Legal (reference) Illegaly (p = 0.045) 

1 

0.52 

Male (reference) Female (p=0.003) 

1 

0.51 

Inside urban area (reference) Outside urban area (p=0.002) 



19 

 

Figure 13 - OR (95% CI) and statistical significance for "District" independent variable 

Finally, the factor Age (Figure 14) has got a high (non significant) p-value          , 

so strictly speaking should be taken out off this model. However, given its social importance, it 

has been studied by others authors; and here, it presents interesting results. The first category 

(under 18 years old) did not presented results possible to analyse, because the sample has few 

drivers under the age of 18 years. But the other two categories (from 36 to 74 years old and 

more or equal to 75 years old) shown to be more likely to “Not Wearing” the seat belt than 

“Wearing” the seat belt, and this fact is support by their OR of      and      respectively. 

 

Figure 14 - OR (95% CI) and statistical significance for "Age" independent variable 

2.2.6 Passengers’ Results 

The sample is composed of 420 passengers (121 men and 299 women) and the mean 

age is 46 years old. 

Reminding the purpose of 2.2 section, that is to retrospectively study the injuries in the 

passengers as a main factor among those that can be related to the use of seat belt, it makes 

sense that the results have values that allow statistically valid conclusions. Unfortunately, it 

was not possible to reach those desired results, as the best p-value for Injury Severity 

calculated was       in "Likelihood Ratio Tests" (Annex I C. – Table 55) and afterwards, it is 

very close of   in “Estimated parameters” (Annex I C. –  

 

 

 

 

 

 

 

1 

0.25 

Lisboa (reference) Aveiro (p=0.020) 

1 1 1 1.03 

2.03 

From 18 to 35 (reference) From 36 to 74 (p=0.893) 

More or equal to 75 (p=0.041) Less than 18 
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Table 56). Many attempts were done using all different types of stepwise methods in 

SPSS® and organizing the data in several different sets, but there were always parameters that 

were not good enough to allow the consideration of the results obtained. 

Among the independent variables studied, only two presented statistically valid 

results: they were Dawn and Twilight (in the Illumination variable) and Porto (in the District 

variable). So, the retrospective analysis of passenger behaviour was not possible in this sample 

because no conclusions could be taken regarding the relation between wearing the seat belt 

and suffering injuries. Table 3 summarises the results of bus passengers’ statistical analysis. 

Table 3 - Results of the statistical analysis of bus passengers; Dependent Variable: Use of the seat belt 
(wearing/not wearing); number of cases included in the model = 420 

Factor Category p-value OR 

District 
Lisboa (reference)  1 

Aveiro 0.001 0.048 

Illumination 
Day (reference)  1 

Dawn or Twilight 0.000 0.040 

 

Concerning the District (Figure 15) factor, in Porto “Wearing” the seat belt is more 

likely than “Not Wearing” the seat belt among passengers injured in bus accident, since there 

is a decrease of      of the odds of occurring “Not Wearing” compared with the Lisbon 

(reference category). 

 

Figure 15 - OR (95% CI) and statistical significance for "District" independent variable (injured passengers) 

Analysing the Illumination independent variable (Figure 16), it is more likely to 

“Wearing” the seat belt than “Not Wearing” the seat belt during the Dawn and Twilight 

periods, since there is a decrease of      of the odds of occurring “Not Wearing”, compared 

with the Day period. Bus passengers injured in crashes seem to not be wearing the seat belt 

when travelling during the day. 

1 

0.05 

Lisboa (reference) Porto (p=0.001) 
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Figure 16 - OR (95% CI) and statistical significance for "Illumination" independent variable (injured passengers) 

2.2.7 Discussion 

The multinomial logistic regression analysis allowed to calculate the odds ratios for the 

factors associated with seat belt use by drivers of vehicles of passengers (buses and cars) and 

by passengers of buses. These OR could be used to sustain the necessity of work on road 

safety; to prevent serious injuries caused by road accidents while the driver was not wearing 

the seat belt and to support other research work. As mentioned the period studied was the 

biennium 2011-2012, and the database where the MLR was applied was published by ANSR 

and is composed of data provided from road accident where drivers or passengers died or 

were injured (immediately or in a 30 day window period). The model was improved until it 

fitted the data, and the results became truthful. The procedure applied is similar to procedures 

that have been previously done in other studies, such as Teixeira P. (2012) [23]. 

Through this method, it is clearly observed that bus’ drivers have a higher risk of using 

the seat belt, when compared with drivers of passengers light vehicles. But, perhaps the most 

important result is the one given by the Injury Severity factor: the fatal or seriously injured 

drivers have a higher risk of not using seat belt (like it was expected). This fact brings up the 

hypothesis the factors more associated with the lack of use of seat belts are expected to be a 

cause of more serious injuries. Indeed, according to Chu, H. C. (2014) the action of do not use 

the seat belt is related with causes of serious injuries (and/or dead), when there is a road 

accidents, quoting “drivers who do not wear the seat belt are significantly associated with 

severe injuries” [4], there are also papers where unbelted drivers have higher odds of death, 

like in Travis, L. et al. (2012) [7], and, as a last example, others report that wearing a seat belt is 

critical for mitigating driver injury severity [18]. Moreover, observing the previously drivers’ 

results, with the exception of the Category of the Vehicle factor, the OR values obtained for 

the Injury Severity factor are greater than any OR of any of the others factors, which supports 

the strong relation between the most common safety retention system (the seat belt) and one 

of the most significant overall causes of death (road accidents). 

One the categories described as being associated with road accident injury severity is 

driving in an illegal situation, i.e. without a valid driver’s license Chu, H. C. (2014) [4]. This 

association is in agreement with the results obtained. 

Concerning the alcohol in the drivers’ blood, the association between who drinks with 

not using the seat belt when is driving is strong. This result is also reported in the literature, 

like in Eiksund, S. (2009) study, where this factor appears with a significant OR, among the 

major factors that influence drivers to not wear the seat belt [6]. Drinking is also often 

included in the driver behaviours variables, classified as unhealthy and decreasing the use of 

seat belt like, in Şimşekoğlu, Ö., and Lajunen, T. (2009) study [3]. 

1 

0.04 

Day (reference) Dawn or Twilight (p=0.000) 
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Regarding to driver gender and driver, according to the result obtained above, women 

are more associated to wear the seat belt. In published studies this seems to be a common 

finding: for instance, associations have been demonstrated between a higher odds of death 

(and odds of death if severely injured) for males and unbelted drivers in Travis, L. et al. (2012) 

[7]. Still in this subject, among the male gender there are more men that drive not wearing the 

seat belt than the women that drive unbelted [8]. 

Whether the driver is driving inside or outside of an urban area should not influence 

the use of the seat belt. However, according to the results obtained, to drive outside the urban 

areas comes out increasing the odds of using a seat belt. The results obtained about the 

districts do not allow to extrapolate any relation, because only Aveiro had a significant result 

and the goal was to analyse the differences between all mainland Portugal districts. 

From the result of the last factor analysed, the age of the driver, it became visible that 

there is a tendency to use the seat belt less as drivers get older. This result could be an effect 

of awareness campaigns, which could be more watched by younger people. However it is not 

possible to state that not wear the seat belt and being older is related to more serious injuries, 

because age has got an influence on the (biologic) predisposition of an individual to suffer 

injuries. Travis, L. et al. (2012), refers these three factors (older age, unbelted and male) as 

“risk factors associated with an overall increased mortality” among the factor associated to the 

injuries caused by a road accident [7]. 

About the bus passengers’ behaviour, there is a fact that should be taken as the 

important result from this analysis: the number of passengers who do not use the “Retention 

System” when travelling by bus is very high, as mentioned before at the end on section 2.2.3. 

In Figure 17 this is illustrated, using the frequency distribution (Annex I C - Table 52). 

 

Figure 17 - Portuguese bus’ passengers with injuries caused by road accident during 2011 and 2012 [1][2] 

The result provided by SPSS® showed that there are not specific factors relating bus 

passengers and to wear the seat belt. And the fact of injuries did not reveal a strong 

relationship with the use of the seat belt, turns this analyses less interesting for the purpose of 

this study. 

2.2.8 Limitations 

To enhance the statistical analysis done in SPSS®, the ANSR database has to be 

improved because it has missing information (cells filled with “nd” or empty cells) and 

sometimes also wrong data. The SPSS® requires a careful data processing before performing 

the analysis, which also took a lot of time. These three facts were the main limitations because 

they are time-consuming, and sometimes unresolvable, processes. 
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2.3 Survey among bus passengers: Results and Discussion  

A survey was performed among bus passengers (Annex II - in Portuguese) because it is 

interesting to have a general view of the Portuguese population’s opinion regarding this issue; 

the results of the survey are shown below. However, this survey was performed in one of the 

main bus stations in Lisbon and all respondents were warned that the survey was only about 

bus travels (this advice is also written in survey instructions). A total of 54 persons were 

surveyed during one hour (from 5 to 6 p.m.) on 24th October 2014. The age and gender were 

asked, and then the following 6 questions were presented: 

Have you ever suffered any bus accident? (YES/NO) 

Do buses have seat belts? (YES/NO/DO NOT KNOW) 

If yes: 

Are they 2-points or 3-points seat belts? (2/3/DO NOT KNOW) 

Do you usually wear it? (ALWAYS/SOMETIMES/NEVER) 

Do the other passengers use it? (ALL/MAJORITY/FEW/NONE) 

From 0 to 10 (0 = not important; 10 = essential), how much important is the seat belt 

for travelling in safety? Regarding bus travels.  

This survey comprised 21 men and 33 women, between the ages of 15 to 70 (mean 

age = 25 years). Only two have had an accident involving a bus and just one person does not 

kwon if the bus has seat belts, the others said it has. More results are shown in Figure 18, 

Figure 19, Figure 20 and Figure 21. 

 

Figure 18 - Answers to the question “Are they 2-points or 3-points 
seat belts?” 

 

Figure 19 - Answers to the question “Do you usually wear it?” 

 

Figure 20 - Answers to the question “Do the other passengers use it?” 

 

Figure 21 - Answers to the question “How much important is 
the seat belt for travelling in safety?” 
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The majority of people surveyed affirmed that buses provide 2 or 3 points seat belt. On 

one hand there are more passengers wearing the seat belt than not wearing if, but the 

difference is small. On the one hand the respondents said that usually the others passengers 

do not use the seat belt. Besides, by the majority of the respondents classified the use of seat 

belt as essential to ensuring safety when travelling by bus. Thus, there were several people 

saying it was essential but at the same time affirming that they do not use it, which is an 

interesting contradiction between beliefs and attitudes. 
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3 BUS ACCIDENT RECONSTRUCTION’ METHODOLOGY 

The reconstruction of an accident has several steps before the final result. It is a time-

consuming process and when the human victims are the object of study, then more time is 

needed because the duration of simulation increases with the presence of vehicle occupants. 

The first step is to analyse the initial data given by authorities (in this work, it was provided by 

GNR and LNEC), which is usually composed of: 

 Road characteristics (3D road dimensions, friction and slope values); 

 Sketch of accident (vehicle post-accident position); 

 Vehicle characteristics; 

 Tachograph (pre-accident speed); 

 Photographs of vehicle and accident scenario; 

 Medico-legal autopsy and clinical medical reports; 

in order to recreate the scenario of the accident. Afterwards, the vehicle behaviour is 

simulated. If the vehicle trajectory and movement matches the initial data, the data related to 

the multibody system should be introduced and then the simulation involving the vehicle 

occupant(s) can be performed. The initial conditions of multibody simulation are typically the 

location and the use or not of the seat belt. Figure 22 is an illustrative scheme of this 

procedure, which indeed could be divided in two processes: vehicle(s) simulation(s) and 

occupant(s) simulation(s). The parameters are adjusted, whenever necessary. 

 

Figure 22 - Scheme with the main steps of the computational simulation for a road accident investigation 

PC-CrashTM was the technical software used to perform the computational simulations. 

It is a software that runs in Microsoft WindowsTM and it is a powerful program for simulating 
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vehicle accidents, covering many different accident situations. For large versatility of 

applications, PC-CrashTM simulation results can be viewed and outputted in 2D or in 3D 

perspective view (simulations can be visualized from any angle), in numerous diagrams and in 

tables [14] [29]. The simulations are based on direct dynamic analysis of time evolution of 

vehicles trajectories. That allows the determination of systems’ movements by applying a set 

of physical quantities external to those systems. 

3.1 Accident’ simulation 

This work was done in parallel with an investigation developed by IDMEC, where the 

goal was to understand exactly how the accident happened, i.e. to perform the accident 

reconstitution. The case study was the bus accident that happened on 27th January, 2013, in 

route IC8. The bus was heading towards Pombal (Figure 24(right)). 

The steps shown in Figure 22 were followed. It was intended to achieve a simulation 

that matched the initial data. In this case, the initial data is composed of, for instance, vehicle 

characteristics, crash damages (Figure 23) and bus rest position (Figure 24(left)) and also of 

scenario information. 

  

Figure 23 - Damages in the vehicle: exterior (right) and interior (left) [31] 

 

 

Figure 24 - Bus rest position [31] (left); Aerial view of the accident site, bus rest position is highlighted (yellow 
circle) [adapted from [32]] (right) 

The scenario (Figure 25) was recreated based on information provided by LNEC and 

GNR. The “triangulate” and “polygons of friction” among others tools of PC-CrashTM, were 

used. The former was used to build a 3D mesh, which is the ground, and the latter was used to 

define the different friction coefficients required. In Figure 25 the red triangles are the road 

and the black line polygons are areas with different friction coefficient. And the vehicle model 

initial position is highlighted with a yellow square while its intended final position is 

highlighted with a green square. 

<Pombal

Sertã >

IC08

<Pombal

Sertã >

IC08
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Figure 25 - Scenario of the accident in PC-Crash
TM

 workspace 

Figure 26 (left) shows a real vehicle model which is identical to the vehicle involved in 

the accident, while Figure 26 (right) in shown the computational vehicle model. The exterior of 

this cannot be similar to the real vehicle, but all mechanical characteristics and others such as 

tires model, weight and dimensions were defined according to the real model characteristics. 

  

Figure 26 - Example of the vehicle model involved in the accident (left) and the vehicle computational model used 
(right) 

When the scenario and vehicle were ready, the accident’ simulation was performed. 

3.2 Occupant’ Simulation 

The simulation of the occupant(s)’s movements is performed with the same software. 

Once the accident simulation is completed, the occupant’ simulation is performed. The 

occupant(s) are defined as biomechanical models, namely, multibody system(s). This is a 

system where several rigid bodies are interconnected by joints (established according to each 

human articulation movement). The joint properties can be specified individually, as suggested 

by Moser, A. et al. (2000) [30], in this study were used the joint proprieties defined by default 

in PC-CrashTM. 

Using this software, each of those bodies can have different dimensions to represent 

the different parts of the human body. Thus, shape of each one is defined as an ellipsoid 
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(Equation 6) with  ,  ,   as semi-axes and order   (but once mode its default values were 

used): 

 
 
   

 
 

 

  
   

 
 

 

  
   

 
 

 

   
(6) 

Figure 27 shows the multibody model and seat model used in this work; the defined 

seat belt is not visible even when the occupant is wearing it. This is a shortcoming of the 

software/interface view, i.e. it allows defining whether the multibody is wearing the seat belt 

or not, but it is never possible to “see” it. This model is divided in several rigid bodies and 

these are associated to human body regions or limbs. This association is clarified in Chapter 4. 

The seat is also composed of a set of rigid bodies. 

 

Figure 27 - Multibody and seat models of the PC-Crah
TM

 software and rigid bodies’ localization 

The occupants’ characteristics, such as age, weight and height, are defined in 

accordance with the autopsy data, and the MOI (moments of inertia) are automatically 

adjusted by the software [14]. 

According to the PC-CrashTM technical manual, the contact model used to calculate the 

contact forces between multibody and other objects (other rigid body, vehicles, scenario 

structures, etc) is defined based on a linear stiffness function by default (Equations 7 and 8). 

The coefficient of restitution is specified to define the amount of elasticity during the contact. 

Once the contact normal force is calculated, friction forces are calculated using the specified 

contact friction between the two bodies. The coefficient of restitution and contact friction can 

be adjusted, while the calculation of the amount of penetration, location of the point of 

impact and orientation of the contact plane are performed automatically. 

                    (7) 

                      (8) 

               is the contact normal force if bodies are approaching 

              is the contact normal force if bodies are separating 

  is the penetration depth 

  is the stiffness coefficient 

  is the coefficient of restitution 

 

There are two possible configurations to define the impact between a rigid body and 

other object, which are Ellipsoid to ellipsoid contact (Figure 28) and Ellipsoid to plane contact 
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                                               Hip 
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(Figure 29). The first is used in calculation between bodies and the second is used in Ellipsoid 

to Vehicle contact and Ellipsoid to ground (scenario structures) calculations.  

 

Figure 28 - Ellipsoid to ellipsoid contact 

The point of contact is Pc, found on a line formed by the two surfaces point (P1 and P2) 

between which there is the first impact, and     and      are the normal vectors. The initial set of 

equations (Equation 9 to 13) should be kept in mind to calculate the amount of penetration. 

The numerical method is based on minimizing the penetration depth,   [14]. 

            (9) 

                 (10) 

            (11) 

                  (12) 

                   (13) 

 

Figure 29 - Ellipsoid to plane contact 

The point of contact is Pe; Pp is the plane impact point and      and      are again the 

normal vectors. In this case, the set of initial equations is composed of Equation 14 to 17. 

            (14) 

                 (15) 

            (16) 

                  (17) 

To sum up, depending of the configuration, the amount of penetration will be 

different, since the location of the point of impact and the orientation of the contact plane 

change from situation to situation. In addition, the whole explanation and equations which 

defined the multibody contact model can be consulted in PC-CrashTM technical manual [14]. 
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3.3 Medico-Legal Autopsy/Report template 

The analysis of the information given by medical documents is essential to better 

understand the accident. For the accident’ simulation, medico-legal autopsy and clinical 

assessment reports on personal injuries were analysed. It is possible to group the detailed 

information in 3 major groups (a, b and c): victim information (a); accident information (b); and 

injuries evaluation and cause of death (c): 

(a) Characterization of the victim: name, gender, weight, height and age, and 

sometimes other information, such as what was the victim wearing and in what 

condition were the clothes; 

(b) it has the site and day of the accident and it could have the type of vehicle 

involved in it; 

(c) there are two evaluations described: one for the external and other for the 

internal injuries. Very detailed information is provided for each region of the body 

(head, neck, thorax, abdomen, spine and medulla and limbs). Additionally, 

complementary exams results are presented (mostly toxicology, if any were 

performed) and in the case of medical-legal autopsy reports it ends with the death 

certification, including the cause of death. 
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4 HUMAN ANATOMY AND INJURY’ ANALYSIS METHODOLOGY 

In order to understand the vocabulary mentioned in medical reports and injuries 

severity criteria, as well as the vocabulary used across PC-CrashTM parameters, functionalities 

and in study cases chapter (Chapter 5); a brief human anatomy review is done in this chapter.  

Firstly an explanation about reference planes is presented due to their importance in 

body localization during and after any motion. There is an anatomical human reference 

position (Figure 30) which is considered for comparison with any new posture after body 

movements. And there are three reference planes, each dividing the body in two sides: coronal 

or frontal (anterior and posterior); sagittal (left and right) and axial or transverse (superior and 

inferior) [33]. 

 

Figure 30 - Anatomical reference position and anatomical reference plans in human body [34] 

The PC-CrashTM allows the selection of whether the multibody systems are viewed 

from the top (projection in x-y plane), front (projection in x-z plane) or side (projection in y-z 

plane), as Figure 31 shows: 

   

   

Figure 31 - PC-Crash
TM

 multibody views: top, front and lateral (from the left to the right) (top); Referential 
components         according to multibody view (bottom) 

4.1 Anatomy’ Review 

Bearing in mind the injuries of the study cases of this work, in each region the anatomy 

review is more detailed for the most affected or significant (in a threat to life perspective) 

tissues, organs or bones. 
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4.1.1 Head 

The human head is composed of several layers. The scalp covers the skull which is 

followed by the meninges and then there is the central nervous system (Figure 32). The 

meninges are a set of three layers that cover the brain (cerebrum), and they are often injured 

in case of a road accident. Most of the time soft tissues become injured as result of the 

deceleration of the vehicle due to the principle of inertia5, which is the cause of the impact 

between soft tissues and skull. The presence of cerebrospinal fluid, inside the space enclosed 

by the meninges, minimizes these risks since it fills the “empty spaces” and it behaves like a 

buffer and/or cushions to the surrounding areas. In effect, all of the central nervous system, 

including the brain and spinal cord is “submerged” and “suspended” in the cerebrospinal fluid, 

much like a diver is surrounded by air inside an enclosed diving suit [12]. 

 

Figure 32 - A schematic of cranial structures [35] 

There are many bones in the head (the most important for this study are identified in 

Figure 33) and their thickness and curvature are very disparate from person to person. 

Fractures do not only occur in bones near the surface, they happen in bones at the base of 

skull too. The fracture of these bones can damage very important vessels, nerves and 

particularly, the fracture of bones of the base of skull can damage the brainstem which 

connects with the brain with the spinal medulla. If there are no fractures the same structures 

could be damage due to the impact and loads transmission [12]. 

 

                                                           
5
The principle of inertia is the fact that a moving object keeps moving with the same velocity until it is 

subject to an external force, causing its speed to change. 
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Figure 33 - Head: Frontal (left), Lateral (upper right) views and bones of its basis (lower right) [11] [36] 

The evaluation of injury in the head is done using the PC-CrashTM rigid body called 

head. 

4.1.2 Spine and column 

The spine has many functions, the main of which is to support the body frame in an 

upright position from the head to the pelvic region, allowing a wide range of movements. It 

also provides protection to the medulla and associated nerves. It is composed of vertebras (a 

total of 24) and it is divided into three regions: cervical (C1-C7), thoracic or dorsal (T1-T12) and 

lumbar (L1-L5). The column is completed, in the lower section, with the sacrum and coccyx 

(the sacrum is a fusion of the 5 sacral vertebrae and the coccyx is a small bone resulting from 

the fusion of 4 vertebrae). 

The medulla is located inside the channel formed by the aligned vertebrae holes, thus 

it is protected by bone. All vertebrae have certain joint points for muscles and ligaments and in 

the case of thoracic vertebrae they also have joint points for bones (the ribs). These joints 

enable the movements of adjacent regions (for instance, flexion and extension of the neck) 

and contribute to their stability too. The flexibility of the spine is related to the intervertebral 

discs (located between each vertebra) due to their composition (viscous nucleus and fibrous 

annulus), which allows the transmission of forces and moments. In the cervical region, two 

specific vertebrae (atlas and axis, the two uppermost vertebrae) allow the movements of 

rotation, flexion, extension and lateral bending of the head. The column structure and 

localization of the regions, as well as the intervertebral discs position, are shown in Figure 34. 

In case of severe road accident, the fractures of vertebrae are frequent and depending 

on the cause of the accident, the affected region can be different. The thoracic region is often 

injured, and injuries at the thoracic and lumbar spine are associated with permanent 

consequences like paraplegia. At the cervical region, similar damages can cause quadriplegia 



34 

and additionally there are large vessels that irrigate the brain, therefore injuries in the cervical 

region can lead to health problems of major concern [12]. 

 

Figure 34 - Column: anterior, posterior and lateral views [11] 

The neck is defined as a rigid body (Neck) in PC-CrashTM and the cervical injuries are 

analysed from it. However the thoracic and lumbar vertebrae, sacrum and coccyx cannot be 

evaluated in separate (each one belongs to other rigid body). 

4.1.3 Thorax 

Besides having thoracic vertebrae at the posterior midline , the thoracic region is 

protected by the sternum (anterior position) and by a set of ribs protecting the anterior and 

lateral aspects, too. The ribs are attached to the vertebrae, at the rear, and to the sternum at 

the front (costal cartilage joins ribs at sternum) (Figure 35, left). The lower ribs (“false ribs”), 

which are indirectly connected to the sternum or are attached to muscles and abdominal wall6, 

may fracture easily since they are less stiff. The diaphragm is a muscular tissue, which 

separates the thorax inferiorly from the abdominal cavity, and it has an important role in 

breathing, since its movements are very relevant for the expansion of the lungs during 

inspiration. For the “breathing in” (inspiration), the thoracic structures and the diaphragm are 

contracted, while for the “breathing out” (expiration) they are relaxed [12]. 

Inside the thoracic cage are located some of the most important organs, such as the 

lungs (surrounded by two layers – pleurae) and the heart. There are the trachea and large 

vessels (aorta, vena cava and pulmonary vessels) too (Figure 35, right). The fracture of ribs or 

compression of the rib cage can easily damage internal structures, since a displaced rib 

fracture can rupture the surrounding tissues [12]. 

                                                           
6
 Abdominal wall is composed of a set of tissues, namely muscles such as Rectus Abdominis (Figure 36). 
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Figure 35 - Thoracic cage (left); Thoracic internal organs and tissues (right) [11] 

This region corresponds to a rigid body identified as torso in PC-CrashTM. 

4.1.4 Abdomen 

Below the diaphragm, there are the liver, stomach, spleen, gallbladder, pancreas, 

intestines (large and small), adrenal glands, kidneys and bladder, and in women there are the 

uterus and ovaries. Important and vital vessels are also present in this region (abdominal 

aorta, inferior vena cava, hip artery and hip vein) [12]. 

The upper abdomen is still protected by the rib cage, but most of the frontal 

abdominal protection is done only by muscles (Figure 36). Thus, this region is more vulnerable 

and the common injuries are caused by blunt impact or penetrating impact [12]. 
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7
 Lower left: man; Lower right: woman 
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In PC-CrashTM, there is no specific rigid body corresponding to the abdominal region. 

The injury evaluation of this region is done by extrapolation of the other regions results as it 

will be explain in section 4.1.4. 

4.1.5 Pelvis 

Pelvis links the spine to the lower extremities. A stiff cartilage (pubic symphysis) joins 

the two hipbones at front while, at rear, they are attached to the sacrum. The major blood 

vessels are located near the sacrum and the coccyx. Together, sacrum and coccyx (at the rear) 

and the two hipbones (at the side and front) compose a ring of bones which characterizes the 

pelvic region (Figure 37). Each hipbone is a fusion of three bones (ilium, ischium and pubis, 

that calcify in to one with age) and has an articular cavity to host the femoral head 

(acetabulum).Fractures in pubic rami (hipbone’s thinnest part) and consequently damage of 

pubic symphysis, are often occurrences in road accidents [12]. 
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Figure 37 - Pelvic bones [11] 

The pelvic injury is evaluated using the rigid body hip of PC-CrashTM. 

4.1.6 Lower Limbs 

Lower limbs are composed by the thigh, knee, lower leg, ankle and foot (Figure 38). 

The femur is the long bone of the thigh, and besides the proximal joint with the hipbone, it 

also articulates with the lower leg, at the knee. There is a small bone, the patella, present at 

the knee and it is also linked with femur by ligaments. Tibia and fibula are the two bones of the 

lower leg. The structure of the foot contains several small bones, densely articulated. 

The fracture of the femur is common in road accidents and the consequent 

hemorrhage can be a cause of death. The fracture of the other bones does not represent such 

a high risk for life, but it can be very relevant [12]. 
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Figure 38 - Bones and articulations of lower limbs [11] 
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Each femur is a rigid body to PC-CrashTM, while tibia and fibula are defined as a unique 

rigid body, called lower leg. 

4.1.7 Upper Limbs 

The upper limbs are composed of the clavicle, the scapula, the humerus, the radius, 

the ulna and the small bones that constitute the hand (Figure 39). The humerus articulates 

with the scapula sort of like the femur in the hipbone, i.e., there is a hole where the head of 

the humerus fits. The amplitude limits for articulation displacement related to the 

femur/hipbone and humerus/scapula is higher than that for most other articulations, but if 

exceeded, the injuries are usually very complex [12]. 

Injuries to the limbs are usually not necessarily life-threatening. When the cause of 

death is found elsewhere and the mainstream of injuries is observed, the doctors try not to 

further damage the body and so a search for limbs injuries is not considered. For example, if 

the body has got extensive damage to the cranial structures, incompatible with life, an 

exhaustive exploration of the limbs at the medico-legal autopsy might be a time consuming 

procedure, with no objective value for the investigation. Therefore, sometimes injuries in the 

limbs are not found at the medico-legal autopsy, because they are not searched with the same 

determination that head or thorax trauma always is. Because of this, an injury presented in the 

simulation may not be mentioned in the autopsy report. 
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Figure 39 - Bones and articulations of upper limbs [11] 

The evaluation of injury is based on two different rigid bodies defined by PC-CrashTM: 

upper arm, which allows evaluating humerus injury, and lower arm, from which injury in radius 

and ulna is evaluated. 

4.2 Injuries severity evaluation 

It is necessary to classify injuries present in medical reports and obtained by 

computational simulation under the same scale in order to compare them. These scales were 

created to classify injuries mentioned in medical reports but afterwards they were developed 
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to classify road accidents injuries [12]. As a result, the Abbreviated Injury Scale (AIS) is the 

most well-known injury scale for forensic injury biomechanics [37]. It describes the injury of 

each region of the body according to its severity (AIS levels go from 1 up to 6 and 9 is used for 

unknown injury severity), as Table 4 shows. AIS scale was developed for nine regions: head 

(cranium and brain), face, neck, thorax, abdomen and pelvis, spine, upper and lower 

extremities [38]. 

The higher the AIS value, the bigger the fatality rate, although it is not a linear scale: an 

AIS level of 5 is not two and half times an AIS level of 2. Following, it is interesting to observe 

the growth of the fatality rate and conclude that from AIS level 1 to 3 the fatality rate is small, 

while for AIS level 4 it exceeds 10% and AIS level 5 has a fatality rate above 53%. Finally when 

the injury is “untreatable” there is no definite interval of values for fatality rate (it is for sure 

above 58.4). Each region is classified separately from the other, thus the same AIS level could 

have different meanings in accordance with the body region under analysis. For instance, the 

AIS level 4 in head could be associated with a certain probability of death, while in tibia the AIS 

level 4 could mean to lose some physical ability related to that region without risk of life. 

Table 4 - AIS scale and fatality rate [37] 

Injury Severity AIS Severity Code Fatality rate (range %) 

1 Minor 0.0 

2 Moderate 0.1 - 0.4 

3 Serious 0.8 - 2.1 

4 Severe 7.9 - 10.6 

5 Critical 53.1 - 58.4 

6 Maximum (currently untreatable) … 

9 Unknown 

 

Depending of the region under analysis, instead of AIS the Risk Factor (FR) could be 

calculated. This is the ratio     between applied value and limit value (the healthy threshold) 

(Equation 18). If the risk factor is lower than 1, facture/injury occurrence is unlikely; on the 

other hand, if it is higher than 1, facture/injury occurrence is likely; and if it is close to 1, the 

bone is on the verge of fracturing/injuring [37] [40]. 

   
              

          
 (18) 

Thus, the AIS and RF scales are indicative of “threat of life” for each region, but solely 

from their application it is not possible to evaluate the injuries present in the human body as a 

whole. Moreover, to analyse the combined effects of multiple injuries there are two injury 

scales: the Maximum Abbreviated Injury Scale (MAIS) and the Injury Severity Score (ISS) [38]. 

The MAIS is the highest AIS classification of the victim under evaluation but it is not related to 

the probability of death. On the other hand, the     is correlated with the rate of mortality 

(measure of the number of deaths, scaled to the size of a certain population, per unit of time 

[39]). That correlation is shown in Figure 40 [38] 
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Figure 40 - ISS values and life threatening [adapted from 38] 

The calculation of ISS is based on a sum of the three highest AIS values among the AIS 

those attributed to the different body regions. In this study, the AIS values are chosen among 

the AIS given to five regions (which constitute the body): head and face, neck, thorax, 

abdomen and pelvis. This is because face injury is included in the head injury analysis, and the 

extremities injuries are evaluated only with RF. The ISS is given by Equation 19. 

                                   (19) 

being      the highest AIS anywhere in the body,       is the highest AIS anywhere 

except body region of     , and       is the highest AIS anywhere except body region of       

or      [37]. 

Note that computational simulations results are provided in the global referential of 

the software. Therefore, for obtaining the necessary physical quantities (forces, accelerations 

and velocities) in each rigid body referential, a transformation of coordinates from global to 

local referential was implemented in MatlabTM. The code can be found in Annex III and it is 

based on the PC-CrashTM technical manual [14]. When only the resultant of the quantity is 

necessary, the extraction of the results is direct, but for a magnitude in relation to a specific 

quantity component        , this transformation has to be used. 

The same software was used for calculating injury criteria. To calculate HIC, a MatlabTM 

script file routine was provided by IDMEC, but for the other criteria new files (with routines 

appropriated to each region) were created. An example can be found in Annex IV (It is the 

MatlabTM routine for neck injury criteria classification). 

4.3 Methodology of the injury’ analysis 

Head, neck, thorax, abdomen, pelvis and limbs are the body regions analysed, 

following are the criteria used for each of these regions, which are summarised in Table 5. 



40 

Table 5 - Human body region and corresponding PC-Crash
TM 

rigid body, Injury Criteria and healthy threshold 

Body Region Rigid Body Principal Criteria Healthy Threshold 

Head Head 

HIC 
(Skull probably of fracture) 

1000 

Rotational acceleration (α) and 
Rotational velocity (ω) 

α < 4500 rad/s2 if ω < 30 rad/s 
α = 1700 rad/s2 if ω > 30 rad/s 

Neck Neck 
    1 

NIC 15 m2s-2 

Thorax Torso 

Thoracic rate of compression 0.19 N/mm 

Lateral force 7.4 kN 

Lateral Acceleration 60 g 

Abdominal 
Torso 
and 
Hip 

Front Impact < 0.24 kN* 

Side Impact < 6.73* 

Maximum total horizontal 
abdominal force 

< 2.3 kN* 

Pelvis 
Hip 
and 

Femur 

Hip frontal impact 6.2 kN – 11.8 kN 

Femur frontal impact 10 kN 

Hip side impact 8.6 kN 

Hip lateral acceleration 80 g – 90 g 

Maximum pubic symphysis force < 3.25 kN* 

Lower Limbs 
Femur 

and 
Lower leg 

Long axis compression 
Femur 7.72 kN 
Tibia 10.36 kN 
Fibula 0.60 kN 

Upper Limbs 
Upper arm 

and 
Lower arm 

Long axis compression 
Humerus 4.98 kN 
Radius 3.28 kN 
Ulna 4.98 kN 

*values related with lower level of injury presented in references, which is at least AIS 2 

4.3.1 Head injury 

When road accidents cause severe injuries to the head, the injured person can die or 

survive with disabilities. With the considerable progress in understanding head injury 

mechanisms and with the introduction of different measures to prevent such injury (e.g. 

helmets, vehicle restraint systems), the frequency and severity of this kind of injuries has 

decreased [12]. The severity of the injury depends on the mechanical loads and/or 

acceleration/deceleration. To evaluate and classify head injury, the real AIS and the simulation 

AIS are compared. The first is found in Table 6 - AIS classification for head injuries, using the 

medial reports information, the second is the result of the injury criteria. 
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Table 6 - AIS classification for head injuries [12] 

AIS Code Description 

1 
Skin/scalp: abrasion, superficial laceration; 
Face: nose fracture. 

2 

Skin: major avulsion; 
Vault fracture: simple, undisplaced; 
Mandible fracture: open, displaced; 
Minor or medium maxilla fracture. 

3 

Basilar fracture; 
Major maxilla fracture; 
Total scalp loss; 
Single contusion cerebellum. 

4 
Vault fracture: complex, open with torn; 
Exposed or loss of brain tissue; 
Small epidural or subdural hematoma. 

5 

Major penetrating injury (> 2 cm); 
Brain stem compression; 
Large epidural or subdural hematoma; 
Diffuse axonal injury (DAI). 

6 Massive destruction of both cranium and brain (crush injury). 

 

The AIS provided by simulation was calculated through the Head Injury Criterion (HIC) 

and the rotational acceleration and rotational velocity of the brain criterion. 

HIC is related to the Probability of Injury and particularly to the Skull Probably of 

Fracture, which is relevant in the process of AIS classification. PC-Crash TM calculates, among 

other quantities, the acceleration needed for calculating the HIC (Equation (20)). 

         
 

     
     

  

  

   

   

        (20) 

  and    are any two arbitrary time points during the acceleration pulse with a 

maximum length of 36 ms (FMVSS208), thus HIC turns into HIC36. And the HIC36 maximum must 

not exceed a value of 1000 for the 50th percentile male. The resultant acceleration is used in 

the calculation [12]. 

To estimate the Probability of Injury and the Skull Probably of Fracture Hayes W. et al. 

(2007) and Hertz, E. (1993)provide two graphs where these quantities are functions of the HIC 

(Figure 41 and Figure 42) [37][41]. 
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Figure 41 – Head Injury risk curves based on HIC values [37] 

In the case of AIS 2 or greater, Figure 42 shows that for HIC value of 1500 the curve of 

the probability of skull fracture is higher than 50%; and it just stabilises at 90% when HIC is 

3000. 

 

Figure 42 – Probability of skull fracture (     ) in relation to the HIC [41] 

Specific rotational acceleration (α) and velocity (ω) of the brain can cause injuries; the 

tolerance thresholds are presented by Schmitt, K-U. et al. (2007) with references to several 

other authors (Table 7) [12]. 

Table 7 - Tolerance thresholds for rotational acceleration and velocity of the brain [adapted from 12] 

Rotational 
velocity 

Safe AIS 2 AIS 3 AIS 4 AIS 5 

ω < 30 rad/s 
α < 4500 

rad/s2 
   

α > 4500 
rad/s2 

ω > 30 rad/s  
α = 1700 

rad/s2 
α = 3000 

rad/s2 
α = 3900 

rad/s2 
α = 4500 

rad/s2 

 

The efficiency of the head protection depends on the materials where the impact 

occurs, such as their characteristics like thickness and shape. The elasticity of that material 

controls the duration of the impact acceleration pulse, which influences the HIC and the 

rotational acceleration and velocity [12]. The role of the seat belt and of the airbag is 
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mentioned as imperative in order to reduce the risk of head impacts against parts of the 

vehicle (like the pillar or the dashboard), or at least they allow the reduction of the force of 

impact by distributing it over a large body area, respectively [12]. The Schmitt, K-U. et al. 

(2007) paper also adapted Figure 33 from others studies, making clear the importance of the 

seat belt as a safety measure.  

 

Figure 43 – Distribution of       injuries in frontal impact by body regions for unbelted occupants, belted 
occupants and occupants wearing the belt plus having airbag deployed [12] 

The number of times that vehicle occupants were found without retention system is 

much higher in the case of head AIS ≥ 2. 

4.3.2 Neck injury 

There are several known causes of neck injury, here we are concerned with the most 

frequents in cases of road accident. Loads whose origin is impacts with the head are a main 

cause of head injury. The impacts can combine axial or shear loads with bending, the latter 

usually present in all directions, due the specificity of neck anatomy. Besides, pure 

compression causes fractures, while non-contact head acceleration and airbag deployment are 

related to the cause of pure tension injuries in upper cervical [12]. 

Table 8 has the description of spinal injuries and their respective AIS. The data 

presented in the medical reports is classified on the basis of it. 

Table 8 - AIS classification for spinal injuries [12] 

AIS Code Description 

1 
Skin, muscle: abrasion; contusion (hematoma); minor 
laceration.  

2 
Vertebral artery: minor laceration. 
Cervical/thoracic spine: dislocation without fracture. 
Thoracic/lumbar spine: disc herniation. 

3 
Vertebral artery: major laceration. 
Cervical/thoracic spine: multiple nerve laceration. 

4 Cervical/thoracic spine: spinal cord contusion incomplete. 

5 Cervical/thoracic spine: spinal cord laceration without fracture. 

6 
Decapitation. 
Cervical spine: spinal cord laceration at C3 or higher with 
fracture. 
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Neck injury classification is complex and depends on the situation itself. Therefore, for 

injuries caused by (frontal) impact there is the     (neck injury criterion), while for injuries 

caused by fast acceleration/decelerations there is the Neck Injury Criteria (NIC) [12]. The two 

criteria are used and their relation with the AIS code has been established. 

Thus, to calculate     it is used Equation 21. 

     
  
    

 
  

    
 (21) 

where    is the axial force (z-axis) and    is the moment (flexion or extension) in the 

sagittal plane (y-axis).      and      indicate the critical intercept values. At first the reference 

values were only validated for children, but after a process of actualization and scaling 

techniques, the values for FMVSS208 were found (Table 9). In this study the first row values 

are used [12]. 

Table 9 - Intercept values to calculate     as included in FMVSS208 [12] 

Dummy 
Mint [Nm] 

(flexion/extension) 
Fint [N] 

(compression/tension) 

HIII 50% 310/ 135 6160/ 6806 

HIII 5% 155/ 67 3880/ 4287 

HIII 5% (out of position) 155/ 61 3880/ 3880 

HIII 6 year 93/ 37 2800/ 2800 

HIII 3 year 68/ 27 2120/ 2120 

 

PC-CrashTM does not allow the calculation of the momentum (  ) but the angular 

acceleration (  ) can be calculated. Besides, the Moment of Inertia (MOI) (   ) can be 

consulted in work of Carvalho S. (2013) [40]. So, to obtain    the Equation (22) is used which 

is the Beer, F. P. et al. (2006) definition [42], presented in Equation 22. 

           [Nm] (22) 

Table 10 - Mass and MOI for head corresponding to 50
th

 male percentile [40] 

Head Inertial Properties for 50th Percentile Male 

Mass 4.54 kg 

    22.0 x 10-3 kg m2 

    24.2 x 10-3 kg m2 

    15.9 x 10-3 kg m2 

 

Lastly,    is provided by PC-CrashTM and it is the vertical force contact (z-axis). 

Moreover, Yoanandan et al. (2009) presented in their study the following linear 

regression which could be used to calculate     based on head mass but, for that, the mass has 

to be mentioned in the medical or autopsy reports (but that does not occur in the study cases 

of this work). 
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Figure 44 - Head lateral MOI as function of head mass. Pink data points correspond to females and blue points to 
males (regression details are included in the plot) [21] 

The     threshold value is     [38]. From the value of      the probability of neck injury 

is estimated as well as the correspondent AIS. This is done through the relation showed in 

Figure 45 [37]. 

 

Figure 45 - Probability of injury as function of    [37] 

Furthermore, as previously mentioned, NIC can be used to assess soft tissue neck 

injury. NIC was first developed based on animal experiments, and in these it was found that 

changes in pressure inside the spinal canal were related to injury. The NIC is defined in 

Equation 23. 

                           
     [m2s-2] (23) 

where         is the relative acceleration and         is the relative speed of the head, 

both in anterior-posterior axis (x-axis) centre of gravity relative to the first thoracic vertebra 

(T1) [12]. Since the body in PC-CrashTM is composed of rigid bodies, the relative acceleration 

and velocity are calculated between the centre of gravity of the rigid body head and the centre 

of gravity of the rigid body torso. 

According to Boström, O. et al. (1997), the NIC (t) threshold value is 15 m2 s-2. Based on 

Hayes W. et al. (2007) the probability of injury can be estimated for short or long time, less or 

more than a month, using the relation of Figure 46 [37][44]. 
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Figure 46 - Probability of injury as function of     [37] 

4.3.3 Thoracic Injuries 

According to Schmitt, K-U. et al. (2007), thoracic and abdominal injuries are correlated 

to the rate of deformation in both regions during the impact. They also depend on the kinetic 

energy of the object with which they impact. The object’s shape, stiffness and the point and 

direction of impact are also important. 

The biomechanical reaction is a combination of three components: inertia (opposed to 

the acceleration), elasticity (associated with bones’ stiffness and soft tissues, fundamental to 

protect these regions in case of low speed impact) and viscosity (associated with viscosity of 

soft tissues and the limits for deformation during the high speed impact). That combination 

allows the development of an opposite force, which prevents severe injuries. There is an injury 

when the maximum deformation limit is exceeded; fractures may happen and consequently 

soft tissue and internal organs may become injured. And even without bone fractures, the 

same sort of injuries (lacerations and contusions) may occur because at high speed the impact 

can cause shock waves. Additionally, the inertia component may cause the same sort of 

injuries  in internal organs, without fracture or visible lesions in the skin surface [38]. 

Injuries at the back are less frequent in a road accident. However, the victims can feel 

pain after the crash, even without objective lesions to speak of. In more severe cases, with 

fractures of the thoracic and/or lumbar vertebrae, if the spinal medulla is injured, 

para/tetraplegias can occur, among a myriad of other complications. Vertebral fractures in the 

thorax are more common when passengers are using 2-point seat belts, particularly in children 

that travel on the rear seat [38]. In a situation like this, the Chance fracture can occurs it is a 

flexion injury of the spine (Figure 47) [45]. This occurs when the seat belt moves up to the 

abdominal region and, there, it pushes internal organs against the spine that flexes because of 

the deceleration. For pregnant women, the placement of the seat belt is very important to 

ensure the fetus safety. Concerning the rare problems associated with seat belt use, in case of 

injury, they are most commonly classified as AIS 1 [12]. 
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Figure 47 - Chance fracture: flexion injury of the spine [46] 

Nowadays, 3-points seat belts are present in rear car seats and in bus seats. According 

to Portuguese law, whatever the type of passenger vehicle and seat (front or rear) the use of 

the seat belt is mandatory. [17] 

Focusing again on thoracic injuries, they may be caused by impacts with various 

components of the vehicle’s interior (e.g. front seat, dashboard or pillar), impacts with other 

passengers or due to ejection from the vehicle. For this region, there are two AIS scales: one 

for soft tissues injuries (Table 11) and other for skeletal injuries (Table 12) [12]. 

Table 11 - AIS classification for skeletal injuries [12] 

AIS Code Description 

1 One rib fracture. 

2 
Two or three rib fractures; 
Sternum fracture. 

3 
Four or more rib fractures on one side; 
Two or three rib fractures with hemothorax or pneumothorax. 

4 
Flail chest; 
Four or more rib fractures on each of two sides; 
Four or more rib fractures with hemothorax or pneumothorax. 

5 Bilateral flail chest. 

Table 12 - AIS classification for soft tissue injuries [12] 

AIS Code Description 

1 Contusion of bronchus 

2 Partial thickness bronchus tear 

3 
Lung contusion 
Minor heart contusion 

4 
Bilateral lung laceration 
Minor aortic laceration 
Major heart contusion 

5 
Major aortic laceration 
Lung laceration with tension pneumothorax 

6 Aortic laceration with hemorrhage not confined to mediastinum 
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In order to classify injuries through computational simulation the thoracic rate of 

compression     is used. So, to calculate the compression of the thorax it is necessary to 

obtain its deformation    , since: 

   
    

 
  [N/mm] (24) 

where   is the thickness of the torso and its value is 230 mm in the case of 50th male 

percentile [12]. The same reference also presents a relation between deformation     and 

compressive force in thorax      (Equation 25). This force is the force applied on the chest 

through the anterior-posterior x-axis. 

                   [N] (25) 

PC-CrashTM allows the calculation of the compressive force and thus the deformation 

can be obtained using the maximum compressive force reached.  

Furthermore, after determining the compression ( ) of the thorax the AIS is 

determined using the work of Kroell et al. (1971, 1974) that correlated the maximum 

deformation (    ) with AIS [47] [48], as Equation 26 shows. 

                   (26) 

Besides, lateral forces and acceleration are obtained from PC-CrashTM, in order to 

make a quantitative comparison with values found in literature. The relation between these 

values and AIS is presented in Table 13, and it helps classifying thoracic injuries [[12] based on 

several references]. 

Table 13 - Thoracic injury levels caused by lateral force [12] 

 Tolerance Level Injury Level 

Force 7.4 kN AIS 0 

10.2 kN AIS 3 

5.5 kN 25 % probability of AIS 4 

Acceleration 60 g 25 % probability of AIS 4 

4.3.4 Abdominal injury 

The abdomen is more vulnerable to injury than the thorax, because there is no bony 

structure like the ribcage protecting the internal organs from front and lateral impacts [49] 

Therefore, the severity of the injury depends mainly on direct impacts (that cause compression 

and increase pressure), momentum transmission and propagation of shock waves. In the 

specific case of the liver, if the tolerance for pressure is exceeded, important hepatic vessels 

may be lacerated and this is an adequate cause of death. Fracture at the lumbar spinal 

vertebra is a worrisome injury, because it can cause paraplegia [38], as previously mentioned. 

Due to the different location of the internal organs, the relative stiffness of some of 

them, the hollow lumen of the gastrointestinal system, and the absence of “bone protection”, 

depending on the zone of impact, there will be very different injuries. Figure 48 illustrates this 

dependence, and shows that liver and kidney injury depend significantly on the side of the 

impact. In Table 14 the AIS code is presented [12]. 
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Figure 48 - Frequency of AIS > 3 abdominal injury for different organs due to side impact on the right or left side 
[40, based on 12] 

Table 14 - AIS classification for abdominal injuries [12] 

AIS Code Description 

1 Skin, muscle: contusion (hematoma) 

2 Spleen of liver contusion inferior to 50% of surface area  

3 
Major kidney contusion 
Spleen rupture  

4 
Abdominal aorta minor laceration 
Kidney/liver rupture  

5 Total destruction of kidney tissue and vascular system  

6 Hepatic avulsion (total separation of all vascular attachments)  

 

Based on several authors, Carvalho S. (2013) suggested a method for determining the 

relation between simulation results and the AIS code, concerning abdominal injuries. In sum, 

among the highest contact forces present in the torso and hip, the lowest value could be a 

qualified assertive extrapolation for the abdominal injury. Moreover, if severe injuries are 

found in the thoracic region, injuries are expected in the abdominal region [40]. 

Finally, the forces extrapolated to the abdominal region can be compared with values 

present in Table 15 and Table 16 and consequently the AIS can be estimated. Figure 49 allows 

the prediction of predicting the risk of abdominal injury, in accordance with the total 

horizontal abdominal force when AIS ≥ 3 [40]. 

Table 15 - Abdominal tolerance for frontal and side impacts [40] 

Tolerance Level Injury Level Main Organ Affected 

Front Impact 

0.24 kN AIS > 3 Liver 

3.76 kN 25 % probability of AIS > 4 Lower Abdomen 

Side Impact 

6.73 kN 25 % probability of AIS > 4 Upper and Mid Abdomen 

Table 16 - Predictor of injury severity in abdomen caused by lateral force [40] 

Injury Predictor 
25% Prob. Of Injury 50% Prob. Of Injury 

AIS > 3 AIS > 4 AIS > 3 AIS > 4 

Maximum total horizontal 
abdominal force 

2300 N 3800 N 2800 N 4400 N 
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Figure 49 - Graphic representing the abdominal injury risk as a function of the horizontal abdominal load [40] 

4.3.5 Pelvic Injuries 

The AIS code, published by Schmitt, K-U. et al. (2007), presents values for pelvic and 

lower limbs injuries (Table 17). In these regions, due to the tight anatomical relations between 

strucures, some injuries are related to each other. For instance, pelvic bone fracture can result 

from impacts of the knees against the dashboard or front seat. In this case, the head of the 

femur pushes into the iliac bone, causing it to displace (see Figure 51). And in the case of 

abduction of the hip, a rearward impact to the femur can cause an anterior dislocation of the 

hip [50]. 

Table 17 - AIS classification for pelvic and lower limbs injuries [12] 

AIS Code Description 

1 Ankle, hip. Sprain concussion  

2 

Patella, tibia, fibula, calcaneus, metatarsal: fracture  
Pelvis: fracture (closed, undisplaced)  
Toe: amputation, crush  
Hip, knee dislocation  
Muscles, tendons: laceration (rupture, tear avulsion)  

3 
Femur: fracture  
Pelvis. Fracture (open, displaced)  
Traumatic amputation below knee  

4 
Pelvis: “Open book” fracture  
Traumatic amputation above knee  

5 
Pelvis substantial deformation with associated vascular disruption and blood loss 
above 20% of volume  

 

According to King, A. (2000) – Part 2, pelvic injuries are characterized by fractures of 

the iliac bone (acetabular and pubic rami fractures), and by soft tissue injuries related to injury 

in blood vessels and/or organs within the pelvic basin [51], that can be quickly deadly. 

Focusing on the pelvic region, loads applied in specific directions can cause different 

injuries: comprehension (anterior-posterior (x-axis), left-right (y-axis) or up-down (z-axis)) and 

shear force. In the case of compression, if the impact is frontal (x-axis) the result should be 

multiple fractures of the public rami (the anterior part of the iliac bones); on the other hand, if 

the impact occurs in a lateral direction (y-axis) we might expect an “open book” fracture 



51 

(disruption of the ring of bones). Besides, if the pelvic diameter is increased, the tissue around 

it is subject to a tensile force which can cause damage to the ligaments and other structures, 

with large calibre blood vessels being a major concern in trauma management of this region 

[40]. 

King, A. (2000) – Part 2, refers to many authors (who studied load application based on 

different criteria and samples). In the case of frontal impact, Table 18 presents the limits of the 

tolerances’ studied. It is possible to observe that there is no fixed limit for each bone. The 

maximum load applied in each case (Iliac, knee and femur) was measured, and the same 

author defends that the femur threshold is the most reliable [51]. 

Table 18 - Limit load criteria for injuries in pelvic motivated by frontal impact [51] 

Criterion Tolerance Level Load Application Injury Level 

# 1 (10 
cadavers) 

6.2 kN – 11.8 kN 
Pelvis 

(Hip in PC-CrashTM) 
Pelvic fractures 

# 2 (6 
cadavers) 

8.9 kN – 25.6 kN 
Knee 

(it is not used in current work) 
Hip and/or 

Pelvic fractures 

# 4 (10 
cadavers) 

3.7 kN – 11.4 kN 
Whole-body 

(it is not used in current work) 
Hip and/or 

Pelvic fractures 

# 5 (169 
occupants) 

10 kN 
Femur (FMVSS 208) 

(Femur in PC-CrashTM) 
Pelvic injuries 

 

Besides front impacts, there are thresholds for the side impacts too, the thresholds 

found in references are shown in Table 19. 

Table 19 - Limit load criteria for injuries in pelvic motivated by side impact [51] 

Criterion Tolerance Level Load Application Injury Level 

# 1 (60 tests in 
22 cadavers) 

8.6 kN (male) 
5.6 kN (female) 

Greater Trochanter 
(Hip in PC-CrashTM) 

Multiple fractures of the pubic rami 
2 < AIS < 3 

# 2 (same as 
#1, plus 

adjustments) 

10.0 kN (male) 
4.6 kN (female) 

Greater Trochanter 
(Hip in PC-CrashTM) 

Multiple fractures of the pubic rami 
2 < AIS < 3 

# 3 (22 
cadavers 
tested) 

80 g – 90 g 
Greater Trochanter 
(Hip in PC-CrashTM) 

Multiple fractures of the pubic rami 

 

Bearing in mind that classifying the impact as purely frontal and/or lateral is not 

possible due to the various movements that bus occupants are subject to during an accident, 

for the purpose of this work an extrapolation from both results is done (this extrapolation was 

used in regions that require it, depending on injury criterion). 

After that, by using the forces in    plane, i.e. the total horizontal force applied to the 

pelvic segment, it is possible to estimate the AIS and the risk of pelvic injury, based on the 

Kuppa S. (2004) study. Therefore, by taking this force in to account, it is possible to improve 

the AIS classification on estimating the risk of pelvic injury, using the data presented in Table 

20 and in Figure 50 [52]. 
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Table 20 - Predictor of injury severity in pelvis caused by maximum pubic symphysis load [adapted from [52]] 

Injury Predictor 
25% Prob. Of Injury 50% Prob. Of Injury 

AIS > 2 AIS > 3 AIS > 2 AIS > 3 

Maximum pubic symphysis force 3250 N 6000 N 4000 N 7000 N 
 

 

Figure 50 - Graphic representing the pelvic injury risk as a function of the horizontal pubic symphysis load 
[adapted from [52]]  

4.3.6 Lower Extremities Injury 

Schmitt, K-U. et al. (2007) present a vast collection of data (based on several 

references) in order to explain the structural weakness of the lower extremities. Looking back 

at the anatomy of lower extremities, mainly there are long bones that represent the 

vulnerability of this region to high loads. They are the femur, tibia and fibula [12]. 

According to Crandall, J. (2001), femur fractures are related to frontal road accidents 

due to the interaction with the front seat or dashboard (Figure 51). Axial compression, 

bending, torsion and shear are the cause of the injury [53]. 

 

Figure 51 - Possible fractures due to impact of the knee with front seat or dashboard [adapted from [53] 

The patella can also fracture if the knee is subject to a severe impact or if muscle 

contraction is uncommonly high [54]. Ligaments (particularly knee ligaments) may suffer injury 

when bones fracture or just with certain movements during road accidents. Ligaments can, 

and frequently do, rupture during sports activity, so the loads involved in a car crash are way 

beyond what is required to produce injury. Crandall, J. (2001) states that the principle of femur 

bone fracture is the same of tibia fracture (application of high load), but since the tibia is only 

covered by skin in its anterior aspect, open fractures of the tibia (with a broken bone fragment 
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rupturing the skin) are more frequent. The fibula fracture depends on the place of application 

of impact. The thresholds for impact in the knee are not known, and are currently under 

research [53]. 

Levine, R. (2002) presents load limits for the femur, tibia and fibula, when they were 

tested in isolation and were subject to mechanical load (Table 21) [54]. However, those values 

are considered a reasonable approach to compare with PC-CrashTM results, according to 

Carvalho S. (2013) [40]. Using this software, the forces are obtained in a global reference, but 

with a simple transformation of coordinates, the local forces are obtained (about this 

transformation see section 4.4.2). Therefore, the maximum load impact along the long axis (z-

axis) compression is determined. 

Table 21 - Mechanical strength (average values) of the bones of the lower limbs [54] 

 Femur Tibia Fibula 

Male Female Male Female Male Female 

Torque [Nm] 175 136 89 56 9 10 

Bending [kN] 3.92 2.58 3.36 2.24 0.44 0.30 

Average maximum moment [Nm] 310 180 207 124 27 17 

Long axis compression (z-axis) [kN] 7.72 7.11 10.36 7.49 0.60 0.48 

 

In Tencer et al. (2002), the probability of femur fracture is traced in accordance with 

the long axial compression load (Figure 52). This relation helps when analysing femur injury 

[55]. 

 

Figure 52 - Graphic representing the femur fracture risk as a function of the axial (compression) load [adapted 
from [55] by [40]] 

4.3.7 Upper Extremities Injury 

Upper extremities injury is rarely the direct cause of death, and road accidents are not 

an exception. The classification of the injuries is based on the presence of long bone fractures 

(similar to the Lower Extremities Injury criterion). 

Nahum, A., and Melvin, J. (1993) present the limit values of compressive force 

supported by the bone’s long axis (z-axis) without fracturing (Table 22) [56]. According to 

Begeman, P. et al. (1999), the difference between limit values of forearm bones is not 

significant; both bones (ulna and radius) may fracture when one of them fractures, depending 

on the zone of impact [57]. In this study this fact is not a problem, because, as mentioned, in 
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PC-CrashTM there is only one rigid body used to analyse injuries to the radius and ulna (rigid 

body called lower arm). 

Table 22 - Failure tolerances for upper limbs [56] 

Humerus Radius Ulna 

Male Female Male Female Male Female 

4.98 kN 3.61 kN 3.28 kN 2.16 kN 4.98 kN 3.61 kN 

 

Injuries in hands are not often related to life-threatening situations, such as in the case 

of the feet and knees. Thus, none of these regions is analysed in this study.  



55 

5 ACCIDENT RECONSTRUCTION’ RESULTS AND DISCUSSION 

Due to the complexity of the IC8 accident’ simulation, the vehicle trajectory’ simulation 

had to be divided in two parts: trajectory of the bus on the road and movement of the bus out 

of the road. Many simulations and improvements were tried, until understand that this 

division had to be done. However, it was not possible to obtain the intended movement out of 

the road. Thus, since part of the vehicle simulation was not consistent with the initial data, the 

simulation involving occupants could not perform. 

Note that occupant’ simulation could be done for the first part, but the most severe 

injuries of the victims are caused by the impacts of the bus when it is already out of the road. 

So, the results of the injury criteria would be meaningless. Thus, the computational simulation 

of bus accidents involving biomechanical models and analysis of occupants' injuries, were 

performed on the basis of other accident, which was in route A23. 

But since the accident’ simulation of the vehicle accident in route IC8 was done, the 

multibody computational simulation was performed in order to analyse the multibody motion. 

The role of the seat belt is observed in both simulations (A23 and IC8). 

5.1 A23: occupants’ simulations 

The data for the accident chosen to perform this simulation was provided by IDMEC 

and it happened on 6th November, 2007. The vehicle simulation was already completed, so the 

multibody simulation was ready to be performed, as well as the injury analysis afterwards. This 

accident has been previously study by Teodora L. (2008) [61]. 

There were two vehicles involved in this accident: a bus and a car. The car’ driver lost 

control of the car and crashed with the bus (Figure 53 (upper left)). Consequently both vehicles 

went out of the road (Figure 53 (upper right)) and the bus described a rollover movement 

(Figure 53 (lower left)), until it reached the final position (Figure 53 (lower right)). 

  

  

Figure 53 – A23 Photogram: crash between car and bus (upper left); vehicles going out of the road (upper right); 
bus rollover movement (lower left); vehicles’ final positions (lower right) [61] 
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Concerning the bus, 17 out of 37 occupants died (black seats in Figure 54). It is known 

that the bus was equipped with seat belts in all seats, but it is not known if the passengers 

were wearing them. The following 5 study cases (Table 23) were selected among the fatal 

victims. The criteria were to have access to the medico-legal autopsy report and to know the 

location before the accident (where they were seated). 

Table 23 - Location of the study cases after the accident 

Study case Seat Seated Unknown Out of the bus 

#1 23 x 
  

#2 17 
  

x 

#3 16 
 

x 
 

#4 29 
 

x 
 

#5 28 
 

x 
 

 

 

Figure 54 - Location of the study cases before the accident (red-highlighted squares) [31] 

The methods and thresholds values mentioned throughout the injury criteria section 

are very important to classify the injuries, as well as to analyse if the occupants were ejected 

from the vehicle and the seat belt use. The first two study cases are considered standard study 

cases, because their final positions. Thus most methodological considerations are presented 

throughout their results. The first passenger (study case 1, seat 23), remained seated, while 

23 

17 

16 

29                  28 

 

 

 

Colour code: 

Driver’s seat 

Passenger minor injured 

Fatal victim 

Empty seat 
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the second passenger (study case 2, seat 17), was ejected from the vehicle, being found 

outside of it. 

The results are ordered by study cases, as in Table 23. Within each of these, they are 

organized according to the region of the body analysed, and presented in the form of tables. In 

the first two study cases the methodology and principles used to fill in these tables are 

explained, while for the following study cases there are only the tables, which sum up their 

results. The tables, such as the ones of the first two cases results, can be consulted in Annex V. 

5.1.1 Study case #1: Occupant 23 

The occupant was seated on seat number 23 (Figure 55) when the accident happened. 

This was a woman, she was 71 years old, 1.58 m tall and over the normal weight (79 kg). The 

passenger was seated near a pillar of the vehicle and she remained inside the vehicle, 

incarcerated, her pelvic region stuck. She died few days after the accident. 

 

Figure 55 - Initial position of occupant 23 (top view) (yellow-highlighted square) 

Figure 56 shows the occupant’s final position and with this figure it is intend to alert 

possible impacts/collisions between the study case and the next seat passenger. These impacts 

cannot be neglected, depending on their magnitude they could cause an injury. 

   

Figure 56 - Final position of occupant 23 (top view): impact with next passenger (red-highlighted square) 

Head injuries 

Table 24 summarises the head injuries found in the medico-legal autopsy of passenger 

23 as well as the result of injuries classification from autopsy data, belted occupant simulation 

and unbelted occupant simulation. 
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Table 24 - Occupant 23: Head Injuries 

Autopsy data 

Injuries AIS/Fracture 

External Multiple excoriations. 
AIS 2 

Fracture Internal 
Several areas with blood infiltration; 
Right upper mandible fracture with mouth infiltration. 

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

HIC 
159 

AIS 2 
Global: 
AIS 3 

No Fracture 

HIC 
318 

AIS 2 
Global: 
AIS 2 

No Fracture 

Skull Fracture 
Probability 

5% 
Skull Fracture 
Probability 

7% 

Angular 
Acceleration  

AIS 5 
Angular 
Acceleration 

AIS 0 

 

The HIC value of the belted occupant is 159, which means 5% of head injury if AIS 2, 

observing Figure 41. According to Figure 42, it does not represent probability of skull fracture. 

However, the angular acceleration criterion indicates an AIS 5. In order to predict the global 

AIS level, an extrapolation is done, which resulted in AIS 3. 

On the other hand, for the unbelted occupant the results are HIC of 318, so the 

probability of injury is 20%, if AIS 2 is considered, and the probability of skull fracture is 7%, 

approximately. For angular acceleration criterion, the result indicates that the brain is 

uninjured. In this case, AIS 2 was the classification attributed.  

The unbelted occupant is subjected to a higher variety of possible impacts and causes 

of these impacts. The higher probability of suffering severe impacts on the head is related to 

the increase of HIC. This is a pattern identified in majority of the study cases of this study. And 

it is a trend which is in accordance with Teodora L. (2008) [61], who studied the HIC criterion in 

bus passengers (who were wearing with seat belt or not). 

The angular acceleration criterion is higher in a belted occupant since this is subject to 

greater deceleration because the seat belt restrains the body motion, but the soft tissue inside 

the skull keeps moving, due to the principle of inertia. Thus the soft tissue (for instance, the 

brain) will crash with the internal face of the skull and become injured. The proportional 

relation between wearing seat belt and graters decelerations imposed by this retention system 

was also found by Teodora L. (2008) [61]. 

Figure 57 shows the movement of the head that could cause impact against the vehicle 

pillar, but, the contact forces provided by PC-CrashTM are not in accordance with any chance of 

fracture, which can raise issues related to vehicle dxf model problems, because there is 

fracture. However, due to the fracture in the right upper mandible present in autopsy, an AIS 2 

code is obtained. The fracture may have been caused by an impact against the vehicle’s pillar 

located near the occupant’s head. 
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Figure 57 - Head movement when the car hits the bus (left); Zoom of the occupant under analysis (right) 

Additionally, Martínez, L. et al (2003) affirmed only passengers seated near in the 

window rollover side (such as is this case), are more subjected to suffer severe head, shoulder 

and ribs injuries due to the contact with the window and the pillar. And this risk is not 

eliminate wearing the seat belt [62], thus the results found in autopsy may be related with the 

bus rollover consequences and not with the car lateral collision. 

Neck and Spinal injuries 

Table 25 summarises the neck and spinal injuries found in the medico-legal autopsy of 

passenger 23, as well as the result of injuries classification from autopsy data, belted occupant 

simulation and unbelted occupant simulation. 

Table 25 - Occupant 23: Neck Injuries and spinal injuries 

Autopsy data 

Injuries AIS/Fracture 

External  
Safe 

Internal  

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

    
3.15 
AIS 1 Global: 

AIS 1 

    
0.85 
AIS 1 Global: 

AIS 1 
NIC 

441 m2/s2 
Risk Factor: 29 

NIC 
461 m2/s2 

Risk Factor = 31 

 

There are no neck injuries mentioned in the autopsy report. Observing Table 25, the 

closest simulation result to that is the unbelted simulation. Because if         only minor 

injured will occur. And according to Figure 45, and bearing in mind classification of AIS 1, the 

probability of injury related to belted occupant is 85% and to unbelted is 27%. Which could 

suggest that passenger was wearing the seat belt because the higher value could be caused by 

forces which are origined by seat belt. 

The NIC value in both cases is very high, which is contrary to the absence of injury 

described in the autopsy report. So far, these results could indicate that the head and torso are 

subject to different accelerations/decelerations and this causes soft tissues injury that is not 

mentioned in the autopsy report. The neck injuries caused by road accident were studied by 

Ferreira, A. (2012); she mentioned that simulation results and autopsy data cannot be 

coincident due to the complexity of the interactions between the variables that can be caused 

by impacts. Observing that, through the simulations performed, “the victim could describe 

symptoms that are not coincident with the dynamic of the accident” [58]. 
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Thoracic injuries 

Table 26 summarises the thoracic injuries found in the medico-legal autopsy of 

passenger 23, as well as the result of injuries classification from autopsy data, belted occupant 

simulation and unbelted occupant simulation. 

Table 26 - Occupant 23: Thoracic Injuries 

Autopsy data 

Injuries AIS/Fracture 

External Ecchymosis. 
AIS > 2 

Internal 
Petechial and Heart haemorrhages; 
Heart left wall contusion. 

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Compression 
of the thorax 

0.24 N/mm 
AIS 1 

Global: 
AIS > 2 

Compression 
of the thorax 

0.31 N/mm 
AIS > 2 

Global: 
AIS > 3 

Lateral Force 

6.54 kN 
RF 0 = 0.88 
RF 3 = 0.64 
RF 25%4 = 

1.19 

Lateral Force 

12.94 kN 
RF 0 = 1.75 
RF 3 = 1.27 
RF 25%4 = 

2.35 

Lateral 
Acceleration 

-69.28 g 
RF = 1.15 

Lateral 
Acceleration 

50.52 g 
RF = 0.84 

 

Together, thorax compression, lateral force and acceleration criteria are used to 

extrapolate the global AIS level. So, according to Equation (25), the compression of the thorax 

results in AIS 1 for belted occupant and AIS > 2 for unbelted occupant (Table 26). 

Moreover, when applying the other criteria presented in Table 13, the risk factor 

associated to 25% of probability of injury is greater than 1 if AIS 4; and the lateral acceleration 

criterion seems not to be very relevant, since both cases have results around the limit value 

(60 g). Thus, for the belted occupant the global classification is AIS > 2 and for the unbelted it is 

AIS > 3.  

Globally, the simulation of the belted occupant is according to the classification based 

on the autopsy data. 

The results obtained by Teodora L. (2008) [61], are based on lateral acceleration but 

the results found in the current study are not in according to that. Here, higher acceleration 

(absolute value) is related to a belted occupant, which does not match the published evidence. 

And the same happened in the following study cases. The complexity of rollover bus 

movement and the consequent forces and accelerations (in this case) that occupants are 

subjected is huge and can cause different patterns depending on the study accident 

reconstruction methodologies (which are not the same). 

Abdominal injuries 

Table 27 summarises the abdominal injuries found in the medico-legal autopsy of 

passenger 23, as well as the result of injuries classification from autopsy data, belted occupant 

simulation and unbelted occupant simulation. 
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Table 27 - Occupant 23: Abdominal Injuries 

Autopsy data 

Injuries AIS/Fracture 

External 
Excoriations; 
Ecchymosis. 

AIS > 3 
Fracture 

Internal 
Kidneys in shock; 
Right Renal hilum contusion; 
Right transverse apophysis of the lumbar vertebrae fracture. 

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Anterior-Posterior 
Force 

-7.11 kN 
AIS > 4 

Global: 
AIS > 3 

Anterior-Posterior 
Force 

-5.99 kN 
AIS > 4 

Global: 
AIS 3 

Lateral Force 
4.78 kN 

AIS 3 
Lateral Force 

-2.70 kN 
AIS 2 

Total Horizontal 
Force 

7.59 kN 
Risk of 

Injury = 1 

Total Horizontal 
Force 

6.74 kN 
Risk of 

Injury = 1 

 

The anterior-posterior force is responsible for liver and lower abdominal injuries (Table 

15). According to Table 27, the force applied is above the healthy limits in both simulations. 

The upper and mid abdomen are injured since the lateral force is greater than 6.73 kN (Table 

15). In this case wearing the seat belt (or not) does not seem to be important for an AIS higher 

than 4, because in both occupants simulations this force is below the limit. Due to the force 

values, an AIS 3 and an AIS 2 was considered for belted and unbelted cases, respectively. Based 

on Figure 48, and by analysing the force signal, when it is positive the impact is from the right 

side, which means that the liver is the organ with the highest probability of injury (belted 

occupant); on the other hand, the negative signal means that the kidneys are more likely to 

suffer injuries (which is the case of the unbelted occupant). 

Finally, the values obtained for total horizontal force correspond to 100% risk of 

abdominal injury (if AIS ≥ 3), which is in total agreement with the data provided by the autopsy 

report (for both simulations). 

The criteria used do not allow to study the presence of vertebrae fracture, although 

when seeing Figure 47 the presence of these fractures in lumbar region indicates that the 

occupant was probably wearing the seat belt. 

Pelvic Injuries 

Table 28 summarises the pelvic injuries found in the medico-legal autopsy of passenger 

23, as well as the result of injuries classification from autopsy data, belted occupant simulation 

and unbelted occupant simulation. 
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Table 28 - Occupant 23: Pelvic Injuries 

Autopsy data 

Injuries AIS/Fracture 

External  

AIS 5 
Fractures Internal 

Bruise at right side; 
Blood infiltration; 
Right iliac bone fracture; 
Fracture of the sacrum-iliac articulations; 
Fracture of the ramus ilium-pubic and ischium-pubic. 

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Hip Anterior-
Posterior Force 

-11.51 kN 
RF = 1.86 

Global:  
AIS 4 

Fractures 

Hip Anterior-
Posterior Force 

-5.99 kN 
RF = 0.97 

Global:  
AIS 2 
No 

Fractures 

Hip Lateral Force 
4.78 kN 

RF = 0.48 
Hip Lateral Force 

4.68 kN 
RF = 0.46 

Hip Lateral 
Acceleration 

70.57 g 
RF = 0.88 

Hip Lateral 
Acceleration 

36.49 g 
RF = 0.46 

Right Femur 
Anterior-Posterior 
Force 

21.3 kN 
RF = 2.13 

Right Femur 
Anterior-Posterior 
Force 

32.20 kN 
RF = 0.22 

Left Femur Anterior-
Posterior Force 

20.84 kN 
RF = 2.08 

Left Femur Anterior-
Posterior Force 

3.45 kN 
RF = 0.35 

Maximum pubic 
symphysis force 

11.5 kN 
Risk of 

Injury = 1 

Maximum pubic 
symphysis force 

6.74 kN 
Risk of 

Injury = 1 

 

The results presented for this region are very interesting (Table 28). The occupant 

simulation with seat belt showed more injuries than the occupant simulation without seat belt. 

Firstly, the unbelted occupant can move and avoid some impacts; secondly, the belted 

occupant remains seated and the impact with the front seat is imminent. 

Focusing on the belted occupant, in the seated position the impact with the front seat 

is very likely in case of deceleration, so the frontal impact is explained. Consequently, the load 

applied in the femur causes pelvic injuries (this is supported by Figure 51). The lateral load in 

the hip and its lateral acceleration are caused by possible impacts with the lateral part of the 

vehicle or with the next seat and by the movement of the vehicle. The result obtained is AIS 4, 

which corresponds to multiple fractures of pubic rami. This value is extrapolated based on 

Table 28, but bearing in mind Table 18 and Table 19. An analogue analysis was done for 

unbelted occupant and it is globally of AIS 2. 

Based on maximum pubic symphysis force and classifying the belted occupant with 

AIS>3 and the unbelted occupant with AIS 2, the risk of pelvic injury is 100% according to 

Figure 50. 

Additionally, due to the pressure caused by the retention system in the pelvic region, 

the fractures mentioned in the autopsy report indicate once again that the occupant was 

probably wearing the seat belt. Plus, the results obtained in the belted occupant are closer to 

the autopsy data than the results of the unbelted occupant. These results match with those 

published by Teodora L. (2008) [61], from which the use of seat belt is correlated with more 
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severe pelvic injuries, due to the applied force in this region (through this retention system). 

This pattern appears in 2 out of the 5 of the cases study. But it is believed to be a common 

pattern, since in other 2 out of the 5, the injuries are very similar between the models 

analysed. 

Lower Extremities Injuries 

Table 29 summarises the lower extremities injuries found in the medico-legal autopsy 

of passenger 23, as well as the result of injuries classification from autopsy data, belted 

occupant simulation and unbelted occupant simulation. 

Table 29 - Occupant 23: Lower Extremities Injuries 

Autopsy data 

Injuries AIS/Fracture 

External 
Right thigh (anterior): Excoriations; Ecchymosis. 
Left thigh (anterior and posterior): Ecchymosis. AIS 3 

Fracture 
Internal 

Right thigh bruised; 
Right femur fracture. 

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Right Femur 
Compressive Force 

21.30 kN 
RF = 2.76 

Global: 
both 

femurs 
fractured  

Right Femur 
Compressive Force 

-2.36 kN 
RF = 031 

Global: 
No 

fractures 

Left Femur 
Compressive Force 

-21.68 kN 
RF = 2.81 

Left Femur 
Compressive Force 

3.45 kN 
RF = 0.45 

Right Lower Leg 
Compressive Force 

-9.69 kN 
RF = 0.94 

Right Lower Leg 
Compressive Force 

1.97 kN 
RF = 0.19 

Left Lower Leg 
Compressive Force 

8.86 kN 
RF = 0.85 

Left Lower Leg 
Compressive Force 

5.88 kN 
RF = 0.57 

 

Table 29 shows the results based on the men’s thresholds presented in Table 21. The 

belted occupant has both femurs fractured while the unbelted occupant has no fractures (this 

result could be deducted from Figure 52 if the axial force is known). The cause of that injury is 

probably the impact with the front seat, as it was already mentioned; the belted passenger is 

more likely to suffer this impact than the unbelted passenger (Figure 51). Thus no results of 

the thighs match perfectly with the autopsy data, which reports only fractures in the right 

femur. Finally, lower legs have no fractures in both simulations, which is consistent with the 

autopsy data and do not allow much arguing regarding the seat belt importance. 

Upper extremities Injuries 

Table 30 summarises the upper extremities injuries found in the medico-legal autopsy 

of passenger 23, as well as the result of injuries classification from autopsy data, belted 

occupant simulation and unbelted occupant simulation. 
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Table 30 - Occupant 23: Upper Extremities Injuries 

Autopsy data 

Injuries AIS/Fracture 

External 
Right forearm: Ecchymosis 
Left arm: Ecchymosis 
Left Wrist: and hand: Excoriations. Articular 

Dislocation 
Internal 

Right humeral head dislocation; 
Right elbow dislocation; 
Right wrist dislocation. 

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Right Upper Arm 
Compressive Force 

-0.82 kN 
RF = 0.25 

Global: 
No 

fractures 

Right Upper Arm 
Compressive Force 

-5.81 kN 
RF = 1.77 

Global: 
Fracture of 
right upper 

arm 

Left Upper Arm 
Compressive Force 

-1.45 kN 
RF = 0.46 

Left Upper Arm 
Compressive Force 

2.67 kN 
RF = 0.67 

Right Lower Arm 
Compressive Force 

-1.13 kN 
RF = 0.23 

Right Lower Arm 
Compressive Force 

-2.04 
RF = 0.41 

Left Lower Arm 
Compressive Force 

2.95 kN 
RF = 0.59 

Left Lower Arm 
Compressive Force 

14.24 
RF = 2.86 

 

In accordance with the autopsy data, there are no fractures in the upper extremities, 

only injuries related to articular dislocation. Concerning the results presented in Table 30, it is 

possible to observe that in both simulations the occupant has no fractures in the upper 

extremities, except the left lower arm in the case of unbelted occupant. Unfortunately, the 

injury criterion just allows detecting fractures in the models, based on the thresholds of Table 

22, so, for instance, disarticulations may have happened but will not be detected. 

ISS scale 

According to the autopsy report the most damaged regions were Pelvis (AIS 5), 

Abdomen (AIS 3) and Head (AIS 2) plus Thorax (AIS 2), thus                        . 

For the belted model, there are not 3 regions in which AIS level stands out, but the highest AIS 

levels are related to Head (AIS 3), Abdomen (AIS 3) and Pelvis (AIS 3), so                 

     . For the unbelted model the AIS values are also similar between each other, being 

                       . The           is closer to           than to             , 

which supports the hypothesis that this passenger was wearing the seat belt. 

According to Figure 40 - ISS values and life threatening [adapted from 38], the     

values calculated above are far from the values related to high rate of mortality, which is an 

indicator that the victim was bleeding from her pelvic injury during a long period of time. 

Finally, she was probably wearing the seat belt, because the           and            have 

rates of mortality closer to each other (22% and 34%) than             and            (4% and 

34%). 

Finally, Table 31 summarises the body regions injuries criteria results for study case #1. 
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Table 31 - Study case #1: summary of body regions injury criteria results 

Body Region Autopsy data Belted Occupant  Unbelted Occupant  

Head AIS 2/Fracture AIS 3/No fracture AIS 2/No fracture 

Neck and Spinal Safe AIS 1 AIS 1 

Thorax AIS > 2 AIS > 1 AIS > 3 

Abdomen AIS > 3 AIS > 3 AIS 3 

Pelvis AIS 5/Fracture AIS > 4/Fracture AIS 2/No Fracture 

LE 
AIS 3/Fracture 
(right femur) 

Fracture 
(both femurs) 

No fracture 

UE Articular dislocation No Fracture Fracture(right upper arm) 

    
Rate of Mortality 

38 
34% 

27 
22% 

22 
4% 

5.1.2 Study case #2: Occupant 17 

The occupant was seated on seat number 17 when the accident happened. This was a 

woman, she was 64 years old, 1.53 m tall and over the normal weight (72.5 kg). The passenger 

was seated near a pillar of the vehicle and she was ejected from the vehicle. She died 14 hours 

after the accident. The initial position of the occupant is similar to the previous study case 

initial position (Figure 55) and its final position was outside of the vehicle (Figure 58, left). It is 

unknown if the next seat passenger was wearing the seat belt, but in the simulations a belted 

model was used. Besides injury analysis, it is possible to observe that this belted model 

remains seated (Figure 58, right). 

 

Figure 58 - Final position of occupant 17 (left) and final position of belted model (right) 

Head injuries 

Table 32 summarises the head injuries found in the medico-legal autopsy of passenger 

17, as well as the result of injuries classification from autopsy data, belted occupant simulation 

and unbelted occupant simulation. 
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Table 32 - Occupant 17: Head Injuries 

Autopsy data 

Injuries AIS/Fracture 

External 
Excoriations in left side; 
Minor excoriations in right side in upper lip; 
Cut near to right ear. AIS 4/ No 

Fracture 
Internal 

Hematoma in left parietal and temporal regions and right 
parietal region; 
Several areas with blood infiltration. 

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion estimation Injury criteria Criterion Estimation 

HIC 

105.63 
AIS 1 

(probability of 
injury = 2%) 

Global: 
AIS 2/ No 
Fracture 

HIC 

1454 
AIS 4 

(probability of 
injury = 60%) 

Global: 
AIS 4 

Fracture 
Skull Fracture 
Probability 

0% 
Skull Fracture 
Probability 

65% 

Angular 
Acceleration 

AIS 5 
Angular 
Acceleration 

AIS 0 

 

The HIC value provided by the simulation of the belted occupant is 105.6, which 

represents a low probability of skull fracture (observing Figure 41 and Figure 42). On the other 

hand, the angular acceleration criterion indicates an AIS 5. Thus, the belted occupant is subject 

to a high angular acceleration when the angular velocity is high (Table 7). However, a global 

AIS 2 was considered. 

On the other hand, for the unbelted occupant the results are 1454 for HIC (the 

probability of injury becomes 58%, if AIS of 4) and the probability of skull fracture increases to 

approximately 70%. The unbelted occupant is ejected from the vehicle, as mentioned before, 

thus the possible impacts increase, which can cause greater HIC and probability of fracture in 

skull, as happened in this case. The angular acceleration criterion indicates that the brain is 

uninjured (which is consistent with to the autopsy data, since hematomas are caused by 

impact/load and not by acceleration/deceleration). In this case, AIS 4 was the classification 

attributed. The result from the unbelted occupant simulation is similar to the autopsy data 

analysis. 

The angular acceleration criterion is higher in the belted occupant, since this is subject 

to greater deceleration (as previously explained). Based on the two study cases looked so far, 

this criterion seems to be a better indicator of head injury when the occupant is belted. 

Neck and Spinal injuries 

Table 33 summarises the neck and spinal injuries found in the medico-legal autopsy of  

passenger 17, as well as it shows the result of injuries classification from autopsy data, belted 

occupant simulation and unbelted occupant simulation. 
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Table 33 - Occupant 17: Neck and Spinal Injuries 

Autopsy data 

Injuries AIS/Fracture 

External  
AIS 3 

Fracture Internal 
C5-C6 and D5-D6 fracture with epi and subdural bleeding; 
Myelomalacia of spinal cord. 

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

    
3.42 
AIS 3  Global: 

AIS 3 

    
5.62 
AIS 3 Global: 

AIS 3 
NIC 

475.71 
RF = 31.72 

NIC 
595.84 

RF = 39.72 

 

Observing Table 33, both simulations caused neck injury because        . According 

to Figure 45 and classifying the neck injuries as AIS 3, the probability of injury increases from 

95% to 100%, for belted and unbelted occupant simulations. The NIC value in both cases is 

very high, which matches the myelomalacia described in the autopsy report. 

Still in this subject the study done by Teodora L. (2008) presented neck injuries based 

on resultant of neck flexor moment[61]. Since     is promotional to    (Equation (21)) which 

is the moment (flexion or extension), both results should be similar. But, this similarity is only 

found in this (current) study case. Here, like in that study, unbelted occupant simulation has 

more severe injuries when this criterion is evaluated, separately from the others. The different 

methodologies used in these studies could be the explanation of the difference, plus the 

uncertainty, regarding the motion of unbelted passengers during a bus rollover movement. 

Globally, both simulations have results similar to the autopsy data, thus the seat belt in 

this study case does not seem to be relevant in the prevention of neck injury. 

Thoracic injuries 

Table 34 summarises the thoracic injuries found in the medico-legal autopsy of  

passenger 17 as well as the result of injuries classification from autopsy data, belted occupant 

simulation and unbelted occupant simulation. 
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Table 34 - Occupant 17: Thoracic Injuries 

Autopsy data 

Injuries AIS/Fracture 

External 
Multiple excoriation in right supraclavicular region (the 
biggest has 10 x 4 cm of size) and spread in anterior side. Safe 

Internal  

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Compression 
of the thorax 

0.26 N/mm 
AIS 0.6 

Global: 
Safe 

Compression 
of the thorax 

1.15 N/mm 
AIS > 6 

Global: 
AIS > 6 

 
Lateral Force 

3 kN 
RF AIS 0 = 0.41 
RF AIS 3 = 0.29 

RF AIS 25%4 = 0.55 

Lateral Force 

-19.00 kN 
RF AIS 0 = 2.57 
RF AIS 3 = 1.86 

RF AIS 25%4 = 3.45 

Lateral 
Acceleration 

-87.56 g 
RF = 1.46 

Lateral 
Acceleration 

-58.77 g 
RF = 0.98 

 

Globally, the results of the belted occupant are closer to the data from the autopsy 

report than the ones from the unbelted occupant (Table 34). This is contrary to the expected 

since passenger 17 was not wearing the seat belt, but it is explained by the various situations 

that an ejected occupant is subject to. These unpredictable situations can either cause serious 

injuries or no worrisome injuries at all. 

Abdominal injuries 

Table 35 summarises the abdominal injuries found in the medico-legal autopsy of 

passenger 17, as well as it shows the result of injuries classification from autopsy data, belted 

occupant simulation and unbelted occupant simulation. 

Table 35 - Occupant 17: Abdominal Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External Excoriation spread in anterior side. 
Safe 

Internal  

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Anterior-
Posterior Force 

-4.2 kN 
AIS > 3 

Global: 
AIS 3 

Anterior-Posterior 
Force 

9.51 kN 
AIS > 3 

Global: 
AIS > 4 

Lateral Force 
-2.05 kN 

AIS 3 
Lateral Force 

-6.53 kN 
AIS > 4 

Total Horizontal 
Force 

4.31 kN 
Risk of Injury = 

50% if AIS 4; 
90% if AIS 3 

Total Horizontal 
Force 

9.67 kN 
Risk of 
Injury = 

100% 
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In contrast to the similarities found within the previous study case, here the results of 

both simulations present injuries, which are not in accordance with the autopsy data. 

However, the explanation is similar to that given for thoracic injury. This means that the 

ejected occupant is subject to situations for which damages are ever uncertain. The belted 

occupant is subject to forces that passenger 17 was not since she was not wearing the seat 

belt, and thus the belted occupant results and autopsy data analysis do not necessarily have to 

match. 

Pelvic Injuries 

Table 36 summarises the pelvic injuries found in the medico-legal autopsy of passenger 

17, as well as the result of injuries classification from autopsy data, belted occupant simulation 

and unbelted occupant simulation. 

Table 36 - Occupant 17: Pelvic Injuries 

Autopsy data 

Injuries AIS/Fracture 

External  
AIS 4 

Fractures Internal 
Pubic symphysis articulation rupture – “open book”; 
Ramus ilium-pubis and ischium-pubis fracture. 

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Hip Anterior-
Posterior Force 

-10.84 kN 
RF = 1.75 

Global: 
AIS 4 

Fracture 

Hip Anterior-
Posterior Force 

9.51 kN 
RF = 1.53 

Global: 
AIS 3 

Fracture 

Right Femur 
Anterior-
Posterior Force 

20.94 kN 
RF = 2.09 

Right Femur 
Anterior-
Posterior Force 

1.67 kN 
RF = 0.17 

Left Femur 
Anterior-
Posterior Force 

13.96 
RF = 1.40 

Left Femur 
Anterior-
Posterior Force 

0.23 kN 
RF= 0.02 

Hip Lateral Force 
-4.92 kN 
RF = 0.49 

Hip Lateral 
Force 

-6.53 kN 
RF = 0.65 

Hip Lateral 
Acceleration 

30.83 g 
RF = 0.39 

Hip Lateral 
Acceleration 

31.77 g 
RF = 0.40 

Maximum pubic 
symphysis force 

10.84 kN 
Risk of Pelvic 

Injurity = 
100% 

Maximum pubic 
symphysis force 

9.67 
Risk of Pelvic 

Injurity = 
100% 

 

Observing the results present in Table 36, the belted occupant injuries are related to 

impacts against the front seat, which causes pelvis injury, including fractures (according to 

Table 18 and Table 19). The results of the unbelted occupant are similar to the autopsy data, 

which supports the fact that this passenger was not wearing the seat belt. 

Note that according to Rupp, J. D. et al. (2010), injury in the knee-thigh-hip complex 

always depends on age and weight of the possible victim; other study, done by the same 

authors relates the hip fracture to the deviation (in degrees) of hip flexion and of abduction 

from a standard seated posture. These arguments could be the explanation for differences 
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found between simulation output and autopsy data, in the current and following study cases 

[60][61]. 

Lower and Upper Extremities Injuries 

Table 37 summarises the lower extremities injuries and Table 38 summarises the 

upper extremities injuries found in the medico-legal autopsy of passenger 17, as well as the 

result of injuries classification from autopsy data, belted occupant simulation and unbelted 

occupant simulation. 

Table 37 - Occupant 17: Lower Extremities Injuries 

Autopsy data 

Injuries AIS/Fracture 

External 
Hematomas in both knees; 
Cut in left leg; 
Cut near left ankle in anterior side. 

AIS 3 
Fracture 

Internal Left femur fracture 

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria 
Criterion 

Estimation 
Injury criteria Criterion Estimation 

Right Femur 
Compressive Force 

20.94 kN 
RF = 2.71 

Global: 
Both 

femur 
fracture 

Right Femur 
Compressive Force 

-2.22 kN 
RF = 0.29 

Global: 
Safe 

 

Left Femur 
Compressive Force 

26.39 kN 
RF = 3.42 

Left Femur 
Compressive Force 

3.2 kN 
RF = 0.40 

Right Lower Leg 
Compressive Force 

-9.53 kN 
RF = 0.92 

Right Lower Leg 
Compressive Force 

1.58 kN 
RF = 0.15 

Left Lower Leg 
Compressive Force 

-10.22 kN 
RF = 0.99 

Left Lower Leg 
Compressive Force 

4.09 KN 
RF = 0.39 

 

In the case of belted occupant, the fractures in both femurs (Table 37) are explained 

on the same principle of pelvic fractures presented in Table 36 and supported by Figure 51 

(impacts against the front seat); and the absence of fractures in the case of unbelted occupant 

is justified as in the case of thoracic injuries result (justification after Table 34). 

Here, the injuries obtained give an opposite idea about the importance of wearing the 

seat belt, but the results of unbelted occupant always depend on the impacts the body is 

subject to and this must never be forgotten during the interpretation of the entire current 

section (i.e. results section). 

Bearing the last paragraph in mind, the fact that none of the results match the autopsy 

data is not troubling. Concluding, the interpretation of the result of the upper extremities 

injuries (Table 38) is based on probable impacts between upper extremities and the vehicle 

model, in the case of belted occupant, and on the various scenarios the unbelted occupant is 

subject to. 
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Table 38 - Occupant 17: Upper Extremities Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External 
Cut in left hand and wrist; 
Cut with 12.5 cm of length in left lower arm. Safe 

Internal  

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Right Upper Arm 
Compressive Force 

-0.95 kN 
RF = 0.29 

Global: 
Right lower 

arm fracture 

Right Upper Arm 
Compressive Force 

4.2 kN 
RF = 4.18 

Global: 
Upper and 
lower arms 

fracture 
 

Left Upper Arm 
Compressive Force 

0.90 kN 
RF = 0.28 

Left Upper Arm 
Compressive Force 

-5.03 kN 
RF = 1.58 

Right Lower Arm 
Compressive Force 

-21.02 kN 
RF = 4.22 

Right Lower Arm 
Compressive Force 

11.03 kN 
RF = 2.22 

Left Lower Arm 
Compressive Force 

-2.01 kN 
RF = 0.40 

Left Lower Arm 
Compressive Force 

-6.75 kN 
RF = 1.36 

ISS scale 

According to the autopsy reports, the most injured regions were the Pelvis (AIS 4), 

Head (AIS 4) and Abdomen (AIS 3), thus                       ; while for the belted 

model the highest AIS levels are related to Pelvis (AIS 4), Neck (AIS 3) and Abdomen (AIS 3), so 

                     . The 3 regions which AIS level stands out in unbelted model 

are Thorax (AIS 6), Head (AIS 4) and Abdomen (AIS 4). Consequently                   

     . The             is closer to           than           is. According to Figure 40 - ISS 

values and life threatening [adapted from 38],             result is related to 100% rate of 

mortality, while 25% and 40% are the mortality rate values for           and           . 

Finally, in this case, it is reasonable to assume that the      criterion is not a good 

indicator when used for interpreting the autopsy data; but it can be used to demonstrate that 

the passenger who was not wearing the seat belt died. 

Finally, Table 39 summarises the body regions injuries criteria results of study case #2. 
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Table 39 - Study case #2: summary of body regions injury criteria results  

Body Region Autopsy data Belted Occupant  Unbelted Occupant  

Head AIS 4/No fracture AIS 2/No fracture AIS 4/Fracture 

Neck and Spinal AIS 3/Fracture AIS 3 AIS 3 

Thorax Safe Safe AIS > 6 

Abdomen Safe AIS 3 AIS > 4 

Pelvis AIS 4/Fracture AIS 3/Fracture AIS 3/Fracture 

LE AIS 3/Fracture(left femur) Fracture (both femur) No Fracture 

UE Safe 
Fracture 

(right lower arm) 
Fracture 

(upper and lower arms) 

     
Rate of Mortality 

41 
37% 

34 
24% 

68 
100% 

5.1.3 Study case #3: Occupant 16 

The occupant was seated on seat number 16 when the accident happened. This was a 

woman, she was 66 years old, 1.55 m tall over the normal weight (72.5 kg). The passenger died 

immediately in the accident and the final location of the body is unknown. 

Table 40 summarises the body regions injuries criteria results of study case #3. 

Table 40 - Study case #3: summary of body regions injury criteria  

Body Region Autopsy data Belted Occupant  Unbelted Occupant  

Head AIS 3/Fracture AIS 3/Fracture AIS 2/No fracture 

Neck and Spinal Safe AIS > 1 AIS > 1 

Thorax AIS > 3 AIS > 2 AIS > 3 

Abdomen AIS 1 AIS > 1 AIS 3 

Pelvis Safe Safe AIS > 0 

LE 
AIS > 2 Fracture 

(left tibia and fibula) 
No Fracture No Fracture 

UE 
Fracture 

(right humerus head) 
No Fracture 

Fracture 
(left lower arm) 

    
Rate of Mortality 

19 
2% 

14 
1% 

22 
4% 

 

In this case, the results from the unbelted occupant simulation are slightly closer to the 

autopsy data, than the results from belted occupant simulation. However, the difference does 

not allow any conclusions about the use of the seat belt by the victim. 

5.1.4 Study case #4: Occupant 29 

The occupant was seated on seat number 29 when the accident happened. This was a 

woman, she was 60 years old, (her height is unknown), and she had a regular weight for her 

age (65 kg). The final location of the body is unknown and she died within 30 days after the 

accident. 

Table 41 summarises the body regions injuries criteria results of study case #4. 
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Table 41 - Study case #4: summary of body regions injury criteria results 

Body Region Autopsy data Belted Occupant  Unbelted Occupant  

Head AIS 4/Fracture AIS 3/No fracture Safe 

Neck and Spinal AIS > 3/Fracture AIS > 3 AIS 2 

Thorax AIS 4 AIS > 2 AIS 5 

Abdomen AIS 3 AIS 3 AIS 4 

Pelvis Safe Safe AIS > 1 

LE No fracture No fracture No fracture 

UE 
Fracture 

(both radius) 
No Fracture 

Fracture 
(left upper arm) 

    
Rate of Mortality 

41 
37% 

27 
22% 

45 
45% 

 

Here, since the results are quite asymmetrical, it is hard to highlight reliable 

conclusions, considering whether passenger 29 was wearing the seat belt or not. However, the 

unbelted occupant has a mortality rate higher than the belted occupant, thus these results 

could be used to promote the use of safety belt. 

5.1.5 Study case #5: Occupant 28 

The occupant was seated on seat number 28 when the accident happened. This was a 

woman, she was 71 years old, (her height is unknown), and she was probably over the normal 

weight (72 kg). The final location of the body is unknown and she died within 30 days after the 

accident. 

Table 42 summarises the body regions injuries criteria results of study case #5. 

Table 42 - Study case #5: summary of body regions injury criteria results 

Body Region Autopsy data Belted Occupant  Unbelted Occupant  

Head AIS 3 AIS 3 AIS 3 

Neck and Spinal Safe AIS > 2 AIS > 2 

Thorax AIS 4 AIS > 2 AIS > 5 

Abdomen AIS 3 AIS 3 AIS > 4 

Pelvis Safe Safe AIS 2/Fracture (pelvis) 

LE 
AIS 3/Fracture (both 

femur)  
No fracture No Fracture 

UE Safe No fracture Facture (right upper arm) 

    
Rate of Mortality 

34 
24% 

22 
4% 

50 
58% 

 

In this case the results from the unbelted occupant are, once again, slightly closer to 

the autopsy data than the results from the belted occupant. However, as in study case #3, the 

difference does not allow any firm conclusions about the use of the seat belt. But, since the 

difference between the results of belted and unbelted is significant, it is reasonable to apply it 

in the promotion of safety belt use, as in study case #4. 
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5.2 IC8: accident’ simulation 

As mentioned the accident’ simulation was divided into two parts. However, Figure 59 

is the photogram of the accident, in which is shown the sequence as a whole. The first part of 

the simulation was well performed and in the second, the best possible approach under the 

complexity of the scenario was achieved. The sequence of images is from left to right and from 

top to bottom. 

 
 

 

 

 

 

 
 

  
 

   

Figure 59 - IC8 Photogram: Initial position; Curve trajectory; End of the curve; Site of the accident; Guard-rails’ 
impact; Starting the rollover; Rollover; After rollover; Final position (from left to right and from top to bottom) 

Concerning the multibodies’ simulation, during the simulation developments, it was 

noticed that they were not being ejected from the vehicle through the windows. This was 

happening because in the simulation the windows did not get broken as they would in the real 

accident. This problem was solved by changing the vehicle dxf model, i.e. removing its 

windows (Figure 60, bottom). 

In PC-CrashTM, there are two ways to define vehicles dxf: loading it from the software 

database or asking the software to generate the dxf according to the vehicle (Figure 60, top). 

The dxf model of the vehicle under study had to be generated; but it is only possible to edit dxf 

when it is provided by the PC-CrashTM database. Thus, a dxf from the database had to be 

selected and applied to the bus model. The software does the necessary adjustments between 

dxf and vehicle model automatically, and the final result is a dxf good enough to be edited 

(Figure 60, middle). There was also a problem related to the floor of the bus. This had to be 

defined as rigid body and added to the model, since it was not provided in the dxf model. 

Observing Figure 60 (middle or bottom), the bus floor is the green rectangle below the 

passengers. 
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Figure 60 - Dxf generated for IC8 accident bus involved (using PC-Crash
TM

 option) (top); dxf provided by PC-
Crash

TM
 database adjusted to the vehicle model (middle); dxf with windows (bottom) 

After that, another problem related to the multibody contact model emerged: some 

rigid bodies were penetrating the vehicle dxf too much (ellipsoid to plane contact: Figure 29 

(section 3.2)) and would get stuck there. To solve this problem, the time integration step was 

decreased, minimizing the movements omitted (for the multibodies and the vehicle), and thus 

ensuring the detection of the impact between each rigid body (ellipsoid) and the vehicle dxf 

(plane). When the time integration step is too high, the moment of impact can be omitted 

when going from one step to the next, causing the rigid body to penetrate the dxf more that it 

was supposed to. When penetration occurs, the direction of the normal vectors changes and 

the force direction generated (which becomes opposed to the direction required) is what 

causes the body to get stuck. The time integration step was decreased from 5 ms (initial) to 1 

ms, then to 0.5 ms and lastly to 0.1 ms. The results of the simulation using 1 ms as time 

integration step were similar to the previous one (with 5 ms). When the time integration step 

of 0.1 ms was applied the software stopped working, reporting an error related to memory 

(the computer used probably does not have the required memory). During this study, the 

origin and fundament of this error was neither understood nor solved, so the results of using 

0.1 integration time step are still unknown. The simulation using 0.5 ms showed more detailed 

movements (because there are less moments omitted), but the objective of changing the time 

integration step was not reached, because the problem is still there, i.e. the points of 

contact/penetration between the multibody and the vehicle dxf changed, but this only 

changes the rigid bodies that get stuck.  

Moreover, the coefficient of restitution and friction between multibody and vehicle 

were also changed (increasing the first and decreasing the second) in a further attempt to try 

to solve the same problem. Increasing the coefficient of restitution made the collision 

becomes more elastic, which is related to the small probability that the bodies suffered 

permanent deformations. Decreasing the friction does make the probability of penetration 

decrease. However, the results obtained with these changes were shown not to be better than 

the results we had with the values defined to default. 
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Besides the problems and adjustments referred above, the movement of the 

multibodies was still analysed. Initially there were 8 occupants, but to avoid some of the 

problems mentioned in the final study case, there are 6 occupants. The bus only has seat belts 

in the front seats. And from the accident data provided by GNR, 3 up to 4 of the front seats 

passengers remained in their seats, thus these passengers were wearing the seat belt in the 

computation simulation. The other passengers were not wearing the seat belt. With this 

simulation, the ejection of the unbelted model is shown (Figure 61 (lower right (red)). It is also 

shown that the belted models remained seated (Figure 61 (lower right (green)). These last 

observations are in accordance with the results of the two first study cases. 

 
 

  
Figure 61 - IC8: Passengers’ location (photogram): initial position (upper left, yellow square and upper right); 

ejection through the window (lower left); final position (lower right image, green and red squares). 

To conclude this section, Figure 62 is presented; it belongs to one simulation from 

which the results are not reliable (the dxf problem had not been detected yet). Nevertheless, it 

is a good illustration of the movements performed by the bus occupants during a vehicle’s 

rollover movement. This movement is a consequence of the vehicle’s off-road trajectory. At 

the front seats there are only belted occupants, while at the rear the occupants were defined 

as unbelted. Thereafter, the limbs of front occupants are in an opposite position compared to 

the anatomical reference position (Figure 30) but the consequent injuries are expected to be 

less severe, when compared to rear occupants’ injuries. These occupants, as can be seen in the 

same figure, are already out of their seats and some are colliding with the upper part of the 

vehicle. Clarifying the purpose of this image, it is not intended to classify occupants’ injuries; 

instead it is only meant to warn, once again, for the possible consequences of travelling 

unbelted. 

Still in this subject, and with the same purpose, Figure 63 is also presented. Here the 

unbelted occupants are already crashing with the seat in front of them. 
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Figure 62 - Location of passengers during vehicle’s rollover movement: seated and belted (green-highlighted 
square) and out of the seat and unbelted (red-highlighted squares) 

 

Figure 63 - During an accident, unbelted vehicle occupants crash against the seat in front of them 

With Figure 62 and Figure 63, the role of the seat belt in roads accidents prevention is 

underlined, as a major factor to reduce the injuries in a rollover situation. 

5.3 Final Remarks 

First of all, there are two considerations that must be taken into account to justify the 

inconsistencies founded between the results provided by the autopsies and by the simulations. 

Those are: 

o the reference values (healthy thresholds) used are standard, but in reality they 

are different from person to person and between women, men and children; 

o the methodologies used to determine the reference values rely on voluntaries, 

biomechanical or mathematical models, post mortem human subjects (cadavers) 

and animal models. All of these are necessarily related to relative errors. 

The standard values are the most likely approach to the limit values of live tissue, but 

there are always some differences that are not possible to account for and eliminate. 

However, the standardization and validation of the reference values has been a critical 

procedure over the years, and it is being improved with the contribution of several studies, 

which allowed the injury criteria presented before [38]. 

Still in the subject of the inconsistency between the results provided by autopsies and 

by simulations, during the accident’ simulation, it was noticed that small changes in the bus 

initial conditions (position, velocity’ direction and magnitude and imposition of angular 

velocity) caused a set of different vehicle trajectories, namely in bus rollover. Although the 

best simulation is chosen, inconsistencies will always be present. 

Also, the definition of the accident scenario will always be the best possible and not 

the prefect representation. For instance, the friction coefficients used are averages calculated 

related to a certain perimeter, and neither ground’ stiffness is ensured with the definition of 

its geometry (which are the parameters defined in the PC-CrashTM). 

Moreover, the way that multibody system is defined in same software, became a 

limitation to reach better results. Since the rigid body defined does not allow to perform injury 
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analysis with the desired details (for instance, the spine injuries cannot be evaluated), and the 

software outputs also do not allow to determine values for the majority of soft tissues. Thus, 

the most part of injury criteria used does not evaluate injuries related to those tissues. To sum 

up, certain injury criteria could not be used, since software outputs are insufficient. 

The problem related to the bus dxf model could compromise the PC-CrashTM contact 

model used to calculate some injury criteria, and it is an important determinant when it is 

intended to perform an injury criteria. Also, when the dxf problem was discovered, the injury’s 

analysis of the accident that occurred in route A23 had already been performed. Consequently, 

the simulations were analysed again and it was observed that in the simulation of passenger 

17 using the unbelted occupant model, he was not ejected through the window. However, its 

final position was out of the bus because there were “some holes” in bus dxf model, namely 

near the wheels (once again the dxf model does not have windows defined and at this stage 

they seemed to have other kind of issues). This fact could compromise the injury’ criteria 

results, but indeed the ejection from the bus can be cause many scenarios where the points of 

impact are always different, and most of the times that impacts are related to serious injuries 

(or fatalities). Thus, to predict injuries caused by vehicle ejection, when the final location of the 

body site is out and far of the vehicle, that was considered that as not very relevant. In case of 

rollover, the diversity of these scenarios increases, as well as the possibles points of impact 

inside or outside the bus. 

The other study cases results not are compromised, because the final position of the 

bodies is unknown. Moreover there were not models penetrating too much the A23 bus dxf 

model, as happened in occupant dxf model of IC8 occupants’ simulations. Thus, the only issue 

of concern is the uncertain about the site through where the unbelted model could or not to 

be ejected. 

5.4 Limitations 

The time consumed by the simulations was a difficulty that had to be well managed in 

order not to compromise the development of the intended work during the period of time 

available. Table 43 presents the integration time step and correspondent simulation length of 

time, which can be pointed as a reason for the delay to get results. The error related to 0.1 ms 

was reported to PC-CrashTM Portuguese representatives and, according to their feedback, an 

appropriate action should be taken. Simulation length of time also depends on other factors 

involved in the current simulation, namely number of passengers and presence of other 

multibody systems or vehicles. 

Table 43 - Simulation integration time step and step and length of time, when involving 8 passengers 

Integration time step [ms] Simulation length of time [min] (approximately) 

5 45 

1 130 

0.5 180 

0.1 More than 300 (and the error did not let it finish) 

 

Unfortunately that time period was short to try and develop other 

solutions/improvements; these are presented in the next future developments section.  

  



79 

6 CONCLUSIONS AND FUTURE DEVELOPMENTS 

Finally and following, the conclusions and future developments that have arisen during 

the development of this study, are presented. 

6.1 Conclusions 

The classification of people’s injuries caused by road accidents involving buses was 

achieved using the appropriate injury criteria and PC-CrashTM biomechanical models. The work 

developed shows that serious accidents involving buses cause serious injuries in the vehicle 

occupants, who most of the times will surely not survive. And the consequences are more 

serious if the occupants are unbelted; because simulations performed using the belted 

biomechanical models are proportional to a lower rate of mortality. Consequently, using 

appropriate injury criteria, it was demonstrated a relation between biomechanical models’ 

injuries and whether they were belted or not. 

Given the accident simulation and occupant simulation results, the accident 

reconstruction methodology presented can be followed to perform this kind of work. 

Further, the statistical analysis performed using SPSS® has been to identify risk groups, 

i.e. group of drivers with higher chances to do not wear the seat belt, such as bus drivers, male 

drivers, old drivers (75 years of age or older), drivers with more than 0.5 g/l of blood alcohol 

level. Moreover drivers who suffered seriously injuries or have died, are strongly correlated to 

drivers who were not wearing the seat belt when the accident happened. 

The survey among bus passengers showed, they are aware of the importance of seat 

belt use, although they do not use it. 

Finally, the results of this study support all road safety awareness campaigns focused 

on the importance of using the seat belt in buses (and in other vehicles). 

6.2 Future Developments 

The following recommendations are seen as opportunities to develop future work(s). 

As a first recommendation, designing studies with a clearer relation between the 

statistical analysis and the simulation work can lead to more interesting conclusions. 

Moreover, the same model MLR may be used again to study passengers, but including 

car’ passengers. Then the results can be compared with the analysis of drivers. Since the 

sample is bigger, the MLR should result in more significant statistical values, from which 

reliable and useful conclusions will surely be drawn. 

The sample of survey respondents should be larger, even using the same questions, to 

better understand the beliefs and attitudes of the bus passengers. 

Regarding the PC-CrashTM multibody system, if bodies with some characteristics 

concerning soft human tissues were developed and added to the models, perhaps it could 

produce improvements in the results. Other suggestion is to perform the same study using 

MADYMO; results might be better and inter-model comparisons might validate the results. 

During the development of this work, other ideas have arisen, which are related to 

injury criteria or to the sample (i.e. the study cases). Studies in which the methodology for 

injury criteria takes into account the different limit values between women, men and children, 

as well as the development of criteria based on other items other than fracture risk, are 
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pertinent recommendations. Besides, if the sample included some study cases of some 

survivors with and without injuries, the method for classifying injuries could be adjusted based 

on a bigger diversity of situations, which would make it more reliable. 

Regarding to the dxf problem, it is suggested that more dxf models should be provided 

by PC-CrashTM. The ideal scenario would be to have a dxf for each vehicle model provided by 

this software. There is only one bus dxf available and it has some errors in its mesh. Still in this 

subject, it is recommended the definition of a bus dxf model based on a multibody system, i.e. 

a model like a dxf, but composed of rigid bodies. With this change the contact/penetration 

problems described might be solved, but perhaps the time period required by the software to 

perform siluations with that vehicle will be larger. 
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ANNEXES 

Annex I – SPSS® output for seat belt use analysis 

A. Preliminaries SPSS® results (Forward stepwise procedure) – Drivers 

Warnings 

There are 8597 (49.6%) cells (i.e., dependent variable levels by subpopulations) with zero frequencies. 

There is possibly a quasi-complete separation in the data. Either the maximum likelihood estimates do not exist or some parameter estimates are 

infinite. 

The NOMREG procedure continues despite the above warning(s). Subsequent results shown are based on the last iteration. Validity of the model fit is 

uncertain. 

Table 44 - Frequency distribution of all variables considered in the model 

Case Processing Summary 

 N Marginal Percentage 

Seat Belt 
Not Wearing 134 0.6% 

Wearing 23174 99.4% 

Age 

Less than 18 years old 11 0.0% 

36-74 years old 12013 51.5% 

More than or equal to 75 years old 995 4.3% 

18-35 years old 10289 44.1% 

Gender 
Female 10913 46.8% 

Male 12395 53.2% 

Driving License 
Illegal 301 1.3% 

Legal 23007 98.7% 

Category of the Vehicle 
Heavy 49 0.2% 

Light 23259 99.8% 

Blood Alcohol Level [g/l] 

0.01-0.49 g/l 349 1.5% 

0.50-1.19 g/l 489 2.1% 

More than or equal to 1.20 g/l 1116 4.8% 

0.00 g/l 21354 91.6% 

Illumination 
Night 7126 30.6% 

Day 16182 69.4% 

Injury Severity 

Fatal 57 0.2% 

Seriously injury 753 3.2% 

Minor injured 22498 96.5% 

Month of the Accident 
JAN+FEV+MAR+OUT+NOV+DEZ 11795 50.6% 

APR+MAY+JUN+JUL+AGU+SET 11513 49.4% 

Day of the Accident 
Workweek 13215 56.7% 

Weekend 10093 43.3% 

Hour of the Accident 

From 0:00 to 05:59 2150 9.2% 

From 10:00 to 17:59 10666 45.8% 

From 18:00 to 23:59 6196 26.6% 

From 06:00 to 09:59 4296 18.4% 
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a. The dependent variable has only one value observed in 8597 (99.2%) subpopulations. 
 

Step Summary 

Model Action Effect(s) Model Fitting Criteria Effect Selection Tests 

-2 Log Likelihood Chi-Square
a,b

 df Sig. 

Step 0 0 Entered 
Intercept, Vehicle Category, Injury 

Severity 
1324.495 . 

  

Step 1 1 Entered Blood Alcohol Level 1284.326 40.169 3 .000 

Step 2 2 Entered Gender 1273.698 10.628 1 .001 

Step 3 3 Entered Localization 1263.297 10.401 1 .001 

Step 4 4 Entered District 1229.012 34.285 16 .005 
 

Stepwise Method: Forward Stepwise 

a. The chi-square for entry is based on the likelihood ratio test. 

b. The chi-square for removal is based on the likelihood ratio test. 
 

Type of Road 

Municipal Road (EM), Florestal Road (EF), Regional Road (ER), Variant (VAR) 

and Other 
2114 9.1% 

National Road (EN) 6636 28.5% 

Streets 10916 46.8% 

Highway (AE), Principal Itinerary (IP), Complementary Itinerary (IC)and 

Bridge (PNT) 
3642 15.6% 

District 

Aveiro 1627 7.0% 

Beja 351 1.5% 

Braga 2308 9.9% 

Bragança 279 1.2% 

Castelo Branco 406 1.7% 

Coimbra 1111 4.8% 

Évora 375 1.6% 

Faro 1137 4.9% 

Guarda 370 1.6% 

Leiria 1475 6.3% 

Portalegre 237 1.0% 

Porto 3837 16.5% 

Santarém 1255 5.4% 

Setúbal 1729 7.4% 

Viseu 1119 4.8% 

Vila Real 424 1.8% 

Lisboa 5268 22.6% 

Localization 
Outside urban area 8156 35.0% 

Inside urban area 15152 65.0% 

Valid 23308 100.0% 

Missing 2385  

Total 25693  

Subpopulation 8664
a
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Goodness-of-Fit 

 Chi-Square df Sig. 

Pearson 8737.789 8639 .225 

Deviance 1112.002 8639 1.000 
 

Pseudo R-Square 

Cox and Snell .007 

Nagelkerke .107 

McFadden .104 
 

Likelihood Ratio Tests 

Effect Model Fitting Criteria Likelihood Ratio Tests 

-2 Log Likelihood of Reduced Model Chi-Square df Sig. 

Intercept 1229.012a .000 0 . 

Vehicle Category 1237.847 8.835 1 .003 

Injury Severity 1274.021 45.008 2 .000 

Localization 1240.101 11.089 1 .001 

Blood Alcohol Level 1256.093 27.080 3 .000 

Gender 1240.906 11.894 1 .001 

District 1263.297 34.285 16 .005 
 

The chi-square statistic is the difference in -2 log-likelihoods between the final model and a reduced model. The reduced model is formed by omitting 

an effect from the final model. The null hypothesis is that all parameters of that effect are 0. 

a. This reduced model is equivalent to the final model because omitting the effect does not increase the degrees of freedom. 
 

 

 

 

 

 

 

 

 
 
 

 

 

Model Fitting Information 

Model Model Fitting Criteria Likelihood Ratio Tests 

-2 Log Likelihood Chi-Square df Sig. 

Intercept Only 1400.145    

Final 1229.012 171.132 24 .000 
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Parameter Estimates 

Seat Belta B Std. Error Wald df Sig. Exp(B) 95% Confidence Interval for Exp(B) 

Lower Bound Upper Bound 

Off 

Intercept -4.843 .195 615.779 1 .000    

[Vehicle Category=1] 2.442 .616 15.712 1 .000 11.500 3.437 38.476 

[Vehicle Category=2] 0
b
 . . 0 . . . . 

[Injury Severity=1] 1.765 .752 5.501 1 .019 5.840 1.337 25.518 

[Injury Severity=2] 1.799 .243 54.981 1 .000 6.042 3.756 9.721 

[Injury Severity=3] 0
b
 . . 0 . . . . 

[Localization=1] -.699 .218 10.237 1 .001 .497 .324 .763 

[Localization=2] 0b . . 0 . . . . 

[Blood Alcohol Level=1] -.166 .722 .053 1 .819 .847 .206 3.492 

[Blood Alcohol Level=2] .823 .373 4.858 1 .028 2.276 1.095 4.731 

[Blood Alcohol Level=3] 1.273 .234 29.694 1 .000 3.571 2.259 5.644 

[Blood Alcohol Level=4] 0b . . 0 . . . . 

[Gender=1] -.722 .218 11.029 1 .001 .486 .317 .744 

[Gender=2] 0b . . 0 . . . . 

[District=1] -1.412 .604 5.468 1 .019 .244 .075 .796 

[District=2] .033 .629 .003 1 .958 1.034 .301 3.549 

[District=3] -.743 .394 3.546 1 .060 .476 .220 1.031 

[District=4] .183 .628 .085 1 .771 1.200 .350 4.114 

[District=5] -.117 .556 .044 1 .833 .890 .299 2.645 

[District=6] -1.055 .606 3.033 1 .082 .348 .106 1.141 

[District=7] -.057 .743 .006 1 .939 .944 .220 4.055 

[District=8] .143 .386 .138 1 .710 1.154 .542 2.458 

[District=9] -1.095 1.024 1.145 1 .285 .334 .045 2.486 

[District=10] .307 .313 .964 1 .326 1.359 .736 2.509 

[District=11] -.605 1.032 .344 1 .557 .546 .072 4.123 

[District=12] -.252 .277 .828 1 .363 .777 .451 1.338 

[District=13] -.609 .453 1.809 1 .179 .544 .224 1.321 

[District=14] .388 .301 1.664 1 .197 1.474 .817 2.658 

[District=16] -1.384 .734 3.558 1 .059 .251 .059 1.056 

[District=17] 
-

20.162 
.000 . 1 . 1.753E-009 1.753E-009 1.753E-009 

[District=18] 0
b
 . . 0 . . . . 

a. The reference category is: On. 
b. This parameter is set to zero because it is redundant 

Classification 

Observed Predicted 

Not Wearing Wearing Percent Correct 

Off 0 134 0.0% 

On 0 23174 100.0% 

Overall Percentage 0.0% 100.0% 99.4% 
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B. Final SPSS® results (Forward stepwise procedure) – Drivers 

Warnings 

There are 8597 (49.6%) cells (i.e., dependent variable levels by subpopulations) with zero frequencies. 

Unexpected singularities in the Hessian matrix are encountered. This indicates that either some predictor variables should be excluded or some 

categories should be merged. 

The NOMREG procedure continues despite the above warning(s). Subsequent results shown are based on the last iteration. Validity of the model fit is 

uncertain. 
 

Table 45 - Frequency distribution of all variables considered in the drivers’ model 
 N Marginal Percentage 

Seat Belt Not Wearing 134 0.6% 

Wearing 23174 99.4% 

Age Less than 18 years old 11 0.0% 

36-74 years old 12013 51.5% 

More than or equal to 75 years old 995 4.3% 

18-35 years old 10289 44.1% 

Gender Female 10913 46.8% 

Male 12395 53.2% 

Driving License Illegal 301 1.3% 

Legal 23007 98.7% 

Category of the Vehicle Heavy 49 0.2% 

Light 23259 99.8% 

Blood Alcohol Level [g/l] 0.01-0.49 g/l 349 1.5% 

0.50-1.19 g/l 489 2.1% 

More than or equal to 1.20 g/l 1116 4.8% 

0.00 g/l 21354 91.6% 

Illumination Night 7126 30.6% 

Day 16182 69.4% 

Injury Severity Fatal 57 0.2% 

Seriously injured 753 3.2% 

Minor injured 22498 96.5% 

Month of the Accident JAN+FEV+MAR+OUT+NOV+DEZ 11795 50.6% 

APR+MAY+JUN+JUL+AGU+SET 11513 49.4% 

Day of the Accident Workweek 13215 56.7% 

Weekend 10093 43.3% 

Hour of the Accident From 0:00 to 05:59 2150 9.2% 

From 10:00 to 17:59 10666 45.8% 

From 18:00 to 23:59 6196 26.6% 

From 06:00 to 09:59 4296 18.4% 

Type of Road Municipal Road (EM), Florestal Road (EF), Regional Road (ER), 
Variant (VAR) and Other 

2114 9.1% 

National Road (EN) 6636 28.5% 

Streets 10916 46.8% 

Highway (AE), Principal Itinerary (IP), Complementary 
Itinerary (IC)and Bridge (PNT) 

3642 15.6% 

District Aveiro 1627 7.0% 

Beja 351 1.5% 

Braga 2308 9.9% 

Bragança 279 1.2% 

Castelo Branco 406 1.7% 

Coimbra 1111 4.8% 

Évora 375 1.6% 

Faro 1137 4.9% 

Guarda 370 1.6% 

Leiria 1475 6.3% 

Portalegre 237 1.0% 

Porto 3837 16.5% 

Santarém 1255 5.4% 

Setúbal 1729 7.4% 

Viseu 1119 4.8% 

Vila Real 424 1.8% 

Lisboa 5268 22.6% 

Localization Outside urban area 8156 35.0% 

Inside urban area 15152 65.0% 

Valid 23308 100.0% 

Missing 2385  
Total 25693  
Subpopulation 8664a  
a. The dependent variable has only one value observed in 8597 (99.2%) subpopulations. 
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Table 46 - Drivers’ Step Summary 
Model Action Effect(s) Model Fitting Criteria Effect Selection Tests 

-2 Log Likelihood Chi-Squarea,b df Sig. 

Step 0 0 Entered 
Intercept, Vehicle Category, Injury Severity, 

Age, Driving License 
1313.929 .   

Step 1 1 Entered Blood Alcohol Level 1274.684 39.245 3 .000 

Step 2 2 Entered Localization 1264.959 9.725 1 .002 

Step 3 3 Entered Gender 1255.958 9.001 1 .003 

Step 4 4 Entered District 1221.943 34.015 16 .005 

Stepwise Method: Forward Stepwise 

a. The chi-square for entry is based on the likelihood ratio test. 

b. The chi-square for removal is based on the likelihood ratio test. 

Table 47 - Drivers’ Model Fitting Information 
Model Model Fitting Criteria Likelihood Ratio Tests 

-2 Log Likelihood Chi-Square df Sig. 

Intercept Only 1400.145    
Final 1221.943 178.202 28 .000 

Table 48 – Drivers’ Goodness-of-Fit (top) and Pseudo R-Square (down) 
 Chi-Square df Sig. 

Pearson 8472.290 8635 .893 

Deviance 1104.933 8635 1.000 

 

Cox and Snell .008 

Nagelkerke .111 

McFadden .108 

Table 49 - Drivers’ Likelihood Ratio Tests 
Effect Model Fitting Criteria Likelihood Ratio Tests 

-2 Log Likelihood of Reduced Model Chi-Square df Sig. 

Intercept 1221.943a .000 0 . 

Vehicle Category 1231.087 9.144 1 .002 

Injury Severity 1266.628 44.685 2 .000 

Age 1225.945 4.002 3 .261 

Driving License 1225.234 3.291 1 .070 

Localization 1232.489 10.546 1 .001 

Blood Alcohol Level 1249.375 27.432 3 .000 

Gender 1231.087 9.144 1 .002 

District 1255.958 34.015 16 .005 
 

The chi-square statistic is the difference in -2 log-likelihoods between the final model and a reduced model. The reduced model is formed by 

omitting an effect from the final model. The null hypothesis is that all parameters of that effect are 0. 

a. This reduced model is equivalent to the final model because omitting the effect does not increase the degrees of freedom. 
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Table 50 - Drivers’ Parameter Estimates 
Seat Belta B Std. Error Wald df Sig. Exp(B) 95% Confidence Interval for Exp(B) 

Lower Bound Upper Bound 

Off 

Intercept -4.958 .229 467.062 1 .000    
[Vehicle Category=1] 2.505 .620 16.349 1 .000 12.243 3.635 41.229 

[Vehicle Category=2] 0b . . 0 . . . . 

[Injury Severity=1] 1.740 .752 5.350 1 .021 5.696 1.304 24.874 

[Injury Severity=2] 1.788 .242 54.615 1 .000 5.979 3.721 9.607 

[Injury Severity=3] 0b . . 0 . . . . 

[Age=1] -16.295 .000 . 1 . 8.379E-008 8.379E-008 8.379E-008 

[Age=2] .025 .186 .018 1 .894 1.025 .712 1.476 

[Age=3] .707 .346 4.167 1 .041 2.027 1.029 3.995 

[Age=4] 0
b
 . . 0 . . . . 

[Driving License=1] .819 .409 4.015 1 .045 2.269 1.018 5.057 

[Driving License=2] 0
b
 . . 0 . . . . 

[Localization=1] -.682 .219 9.750 1 .002 .505 .329 .776 

[Localization=2] 0b . . 0 . . . . 

[Blood Alcohol Level=1] -.195 .725 .073 1 .787 .823 .199 3.403 

[Blood Alcohol Level=2] .858 .379 5.138 1 .023 2.359 1.123 4.954 

[Blood Alcohol Level=3] 1.296 .238 29.678 1 .000 3.656 2.293 5.829 

[Blood Alcohol Level=4] 0b . . 0 . . . . 

[Gender=1] -.649 .221 8.595 1 .003 .523 .339 .807 

[Gender=2] 0b . . 0 . . . . 

[District=1] -1.407 .604 5.431 1 .020 .245 .075 .800 

[District=2] -.005 .632 .000 1 .993 .995 .288 3.431 

[District=3] -.710 .395 3.235 1 .072 .492 .227 1.066 

[District=4] .173 .629 .075 1 .784 1.189 .346 4.081 

[District=5] -.138 .556 .061 1 .804 .871 .293 2.590 

[District=6] -1.058 .606 3.049 1 .081 .347 .106 1.138 

[District=7] -.068 .744 .008 1 .927 .934 .217 4.016 

[District=8] .137 .386 .126 1 .722 1.147 .538 2.447 

[District=9] -1.109 1.024 1.171 1 .279 .330 .044 2.458 

[District=10] .305 .313 .945 1 .331 1.356 .734 2.506 

[District=11] -.643 1.033 .388 1 .534 .526 .069 3.981 

[District=12] -.232 .278 .701 1 .403 .793 .460 1.366 

[District=13] -.639 .453 1.990 1 .158 .528 .217 1.283 

[District=14] .390 .301 1.679 1 .195 1.477 .819 2.663 

[District=16] -1.375 .734 3.514 1 .061 .253 .060 1.065 

[District=17] -16.150 1876.076 .000 1 .993 9.687E-008 .000 .c 

[District=18] 0b . . 0 . . . . 

a. The reference category is: On. 

b. This parameter is set to zero because it is redundant. 

c. Floating point overflow occurred while computing this statistic. Its value is therefore set to system missing. 
Table 51 - Drivers’ Classification 

Observed Predicted 

Off On Percent Correct 

Off 0 134 0.0% 

On 0 23174 100.0% 

Overall Percentage 0.0% 100.0% 99.4% 
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C. SPSS results provided by forward stepwise procedure – Bus 

Passengers 
Warnings 

There are 295 (49.2%) cells (i.e., dependent variable levels by subpopulations) with zero frequencies. 

Unexpected singularities in the Hessian matrix are encountered. This indicates that either some predictor variables should be excluded or some 

categories should be merged. 

The NOMREG procedure continues despite the above warning(s). Subsequent results shown are based on the last iteration. Validity of the model fit is 

uncertain. 

Table 52 - Frequency distribution of all variables considered in the passengers’ model 
 N Marginal Percentage 

Seat Bet 
No Retention System 356 84.8% 

Retention System 64 15.2% 

Month 

Jan 18 4.3% 

Fev 12 2.9% 

Mar 71 16.9% 

April 60 14.3% 

May 16 3.8% 

Jun 38 9.0% 

Jul 53 12.6% 

Aug 32 7.6% 

Set 46 11.0% 

Out 18 4.3% 

Nov 27 6.4% 

Dez 29 6.9% 

Week 
Workweek 308 73.3% 

Weekend 112 26.7% 

Hour 

From 0:00 to 05:59 15 3.6% 

From 10:00 to 17:59 254 60.5% 

From 18:00 to 23:59 68 16.2% 

From 06:00 to 09:59 83 19.8% 

Road 

Highway (AE) 38 9.0% 

National Road (EN) 54 12.9% 

Regional Road (ER), Municipal Road (EM), Principal 

Itinerary (IP), Complementary Itinerary (IC) and Other 
12 2.9% 

Streets 316 75.2% 

District 

Aveiro 10 2.4% 

Beja 2 0.5% 

Braga 15 3.6% 

Bragança 3 0.7% 

Castelo Branco 3 0.7% 

Coimbra 48 11.4% 

Évora 1 0.2% 

Faro 2 0.5% 

Leiria 10 2.4% 

Porto 111 26.4% 

Santarém 8 1.9% 

Setúbal 48 11.4% 

Viseu 24 5.7% 

Vila Real 19 4.5% 

Lisboa 116 27.6% 

Localization 
Outside urban area 80 19.0% 

Inside urban area 340 81.0% 

Illumination 

Night 49 11.7% 

Dawn and Twilight 16 3.8% 

Day 355 84.5% 

Injury 

Severity 

Fatal 3 0.7% 

Seriously injury 13 3.1% 

Minor injured 404 96.2% 

Age 

Less than 12 years old 38 9.0% 

13-19 years old 43 10.2% 

40-59 years old 120 28.6% 

More than or equal to 60 years old 132 31.4% 

20-39 years old 87 20.7% 

Gender 
Female 299 71.2% 

Male 121 28.8% 

Valid 420 100.0% 



93 

Missing 0  

Total 420  

Subpopulation 300
a
  

a. The dependent variable has only one value observed in 295 (98.3%) subpopulations. 
Step Summary 

Model Action Effect(s) 

Model Fitting Criteria Effect Selection Tests 

-2 Log Likelihood 
Chi-

Squarea 
df Sig. 

0 Entered 
Intercept, Injury 

Severity 
344.570 .   

1 Entered Hour 293.541 51.029 3 .000 

2 Entered District 245.421 48.120 14 .000 

3 Entered Illumination 233.278 12.143 2 .002 

4 Entered Month 200.162 33.116 11 .001 

Stepwise Method: Forward Entry 

a. The chi-square for entry is based on the likelihood ratio test. 
Table 53 - Passengers’ Model Fitting Information 

Model Model Fitting Criteria Likelihood Ratio Tests 

-2 Log Likelihood Chi-Square df Sig. 

Intercept Only 349.973    
Final 200.162 149.811 32 .000 

Table 54 - Passengers’ Goodness-of-Fit (top) and Pseudo R-Square (down) 
 Chi-Square df Sig. 

Pearson \367.590 267 .000 

Deviance 192.759 267 1.000 
 

Cox and Snell .300 

Nagelkerke .523 

McFadden .418 

Table 55 - Passengers’ Likelihood Ratio Tests 
Effect Model Fitting Criteria Likelihood Ratio Tests 

-2 Log Likelihood of 

Reduced Model 

Chi-Square df Sig. 

Intercept 200.162a .000 0 . 

Injury Severity 203.505 3.343 2 .188 

Month 233.278 33.116 11 .001 

Hour 223.252 23.090 3 .000 

District 233.786 33.624 14 .002 

Illumination 218.785 18.623 2 .000 

The chi-square statistic is the difference in -2 log-likelihoods between the final model and a reduced model. The reduced 

model is formed by omitting an effect from the final model. The null hypothesis is that all parameters of that effect are 0. 

a. This reduced model is equivalent to the final model because omitting the effect does not increase the degrees of freedom. 
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Table 56 - Passengers’ Parameter Estimates 
Seat Beta B Std. Error Wald df Sig. Exp(B) 95% Confidence Interval 

for Exp(B) 

Lower Bound Upper 

Bound 

No Retention System 

Intercept 3.156 1.062 8.827 1 .003    
[Injury Severity=1] 14.787 2732.753 .000 1 .996 2642395.727 .000 .b 

[Injury Severity=2] 14.989 1323.152 .000 1 .991 3232526.868 .000 .
b
 

[Injury Severity=3] 0c . . 0 . . . . 

[Month=1] 1.124 1.458 .594 1 .441 3.077 .177 53.629 

[Month=2] -.428 1.382 .096 1 .757 .652 .043 9.775 

[Month=3] .693 1.025 .456 1 .499 1.999 .268 14.915 

[Month=4] -.180 1.041 .030 1 .863 .835 .109 6.427 

[Month=5] -1.644 1.063 2.393 1 .122 .193 .024 1.551 

[Month=6] -.883 1.045 .713 1 .398 .414 .053 3.209 

[Month=7] -1.315 .975 1.820 1 .177 .268 .040 1.814 

[Month=8] 27.182 885.756 .001 1 .976 638197761961.726 .000 .b 

[Month=9] .718 1.257 .327 1 .568 2.051 .175 24.080 

[Month=10] -1.606 1.108 2.103 1 .147 .201 .023 1.759 

[Month=11] -1.959 1.047 3.500 1 .061 .141 .018 1.098 

[Month=12] 0c . . 0 . . . . 

[Hour=1] -17.133 367.867 .002 1 .963 3.625E-008 .000 
4.877E+3

05 

[Hour=2] -.502 .599 .703 1 .402 .605 .187 1.958 

[Hour=3] -.830 .789 1.105 1 .293 .436 .093 2.049 

[Hour=4] 0c . . 0 . . . . 

[District=1] .853 1.233 .479 1 .489 2.347 .209 26.304 

[District=2] 15.784 3442.853 .000 1 .996 7161160.296 .000 .b 

[District=3] .451 1.201 .141 1 .708 1.569 .149 16.536 

[District=4] -19.554 7187.607 .000 1 .998 3.221E-009 .000 .b 

[District=5] 16.337 2811.078 .000 1 .995 12441143.306 .000 .b 

[District=6] -.120 .851 .020 1 .888 .887 .167 4.703 

[District=7] -19.959 .000 . 1 . 2.148E-009 2.148E-009 
2.148E-

009 

[District=8] -2.033 1.870 1.182 1 .277 .131 .003 5.113 

[District=10] -3.042 .905 11.300 1 .001 .048 .008 .281 

[District=12] .551 .531 1.075 1 .300 1.734 .613 4.910 

[District=13] -.929 1.104 .709 1 .400 .395 .045 3.436 

[District=14] -.227 .749 .092 1 .762 .797 .184 3.460 

[District=16] .254 .949 .072 1 .789 1.289 .201 8.273 

[District=17] -.124 1.242 .010 1 .920 .883 .077 10.076 

[District=18] 0
c
 . . 0 . . . . 

[Illumination=1] .405 .853 .225 1 .635 1.500 .282 7.987 

[Illumination=2] -3.230 .897 12.956 1 .000 .040 .007 .230 

[Illumination=3] 0c . . 0 . . . . 

a. The reference category is: Retention System 

b. Floating point overflow occurred while computing this statistic. Its value is therefore set to system missing. 
 

Classification 

Observed 
Predicted 

No Retention System Retention System Percent Correct 

No Retention System 351 5 98.6% 

Retention System 31 33 51.6% 

Overall Percentage 91.0% 9.0% 91.4% 

 

  



95 

Annex II – Survey among bus drivers and passengers (Portuguese) 
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Annex III – Coordinates transformation routine – Matlab code 

It is present only the force coordinates transformation routine because the 

transformations done in case of velocity or acceleration are similar with this. 
%   This routine calculates to transform forces from global to local 

referential 
%   Code by : Ana Filipa Vieira 
%   Date    : October 2014 

  
%% Initial 
close all; clear all; clc; format short; format compact; 

  
%-----------t-Time-------- 
% open file with time simulation ('force nameRG.dia') 
[infile, inpathname] = uigetfile('*.dia','Select a Force Rigid Body 

PC-Crash file'); 
if isequal(infile,0) 
   disp('User selected Cancel') 
else 
   disp(['User selected: ', fullfile(infile)]) 
end 

  
% opens PC-Crash Output  
fid_force = fopen(infile); 

  
% reads PC-Crash Output 
frewind(fid_force) 
headertext = textscan(fid_force, '%s', 1, 'delimiter',''); 
Time = fscanf(fid_force,'%f %*f %*f %*f',[1 inf]); 
fclose(fid_force); 

  
%-----------X-AXIS-------- 
% opens PC-Crash Output  
fid_force = fopen(infile); 

  
% reads PC-Crash Output 
frewind(fid_force) 
headertext = textscan(fid_force, '%s', 1, 'delimiter',''); 
GlobalX = fscanf(fid_force,'%*f %f %*f %*f',[1 inf]); 
fclose(fid_force); 

  
% converte para kN 
%GlobalX=GlobalX/1000; 

  
%------Y-AXIS 
% opens PC-Crash Output  
fid_force = fopen(infile); 

  
% reads PC-Crash Output 
frewind(fid_force) 
headertext = textscan(fid_force, '%s', 1, 'delimiter',''); 
GlobalY = fscanf(fid_force,'%*f %*f %f %*f',[1 inf]); 
fclose(fid_force); 

  
% converte para kN 
%GlobalY=GlobalY/1000; 

  
%-------Z-AXIS------------- 
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% opens PC-Crash Output  
fid_force = fopen(infile); 

  
% reads PC-Crash Output 
frewind(fid_force) 
headertext = textscan(fid_force, '%s', 1, 'delimiter',''); 
GlobalZ = fscanf(fid_force,'%*f %*f %*f %f',[1 inf]); 
fclose(fid_force); 

  
% converte para kN 
%GlobalZ=GlobalZ/1000; 

  
%----ROTATION ANGLES------ 

  
% open file with roration angle  ('ArotationRG.dia') 
[infileA, inpathname] = uigetfile('*.dia','Select a PC-Crash Arotation 

Rigid Body file'); 
if isequal(infileA,0) 
   disp('User selected Cancel') 
else 
   disp(['User selected: ', fullfile(infileA)]) 
end 
%-----------X-AXIS-------- 
% opens PC-Crash Output  
fid_Arotation = fopen(infileA); 

  
% reads PC-Crash Output 
frewind(fid_Arotation) 
headertext = textscan(fid_Arotation, '%s', 1, 'delimiter',''); 
ArotationX = fscanf(fid_Arotation,'%*f %f %*f %*f',[1 inf]); 
fclose(fid_Arotation); 

  
%-----------Y-AXIS-------- 
% opens PC-Crash Output  
fid_Arotation = fopen(infileA); 

  
% reads PC-Crash Output 
frewind(fid_Arotation) 
headertext = textscan(fid_Arotation, '%s', 1, 'delimiter',''); 
ArotationY = fscanf(fid_Arotation,'%*f %*f %f %*f',[1 inf]); 
fclose(fid_Arotation); 

  
%-----------Z-AXIS-------- 
% opens PC-Crash Output  
fid_Arotation = fopen(infileA); 

  
% reads PC-Crash Output 
frewind(fid_Arotation) 
headertext = textscan(fid_Arotation, '%s', 1, 'delimiter',''); 
ArotationZ = fscanf(fid_Arotation,'%*f %*f %*f %f',[1 inf]); 
fclose(fid_Arotation); 

  

  

  
%convert angulos to radians 
phi1= ArotationX*pi/180;  
phi2= ArotationY*pi/180; 
phi3= ArotationZ*pi/180; 
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%save local values 
savefilex = 'Fxlocal.mat'; 
savefiley = 'Fylocal.mat'; 
savefilez = 'Fzlocal.mat'; 

  
T=zeros(3,3); 
Fxlocal=zeros(size(Time)); 
Fylocal=zeros(size(Time)); 
Fzlocal=zeros(size(Time)); 
% Building Matrix T(t) 
for j=1:1:length(Time)-1  
    s1=sin(phi1(j)); 
    s2=sin(phi2(j)); 
    s3=sin(phi3(j)); 
    c1=cos(phi1(j)); 
    c2=cos(phi2(j)); 
    c3=cos(phi3(j)); 
    T=[c2*c3 c2*s3 -s2; s1*s2*c3-c1*s3 s1*s2*s3+c1*c3 s1*c2; 

c1*s2*c3+s1*s3 c1*s2*s3-s1*c3 c1*c2]; 

        
       

Fxlocal(j)=T(1,1)*GlobalX(j)+T(1,2)*GlobalY(j)+T(1,3)*GlobalZ(j); 

        
       

Fylocal(j)=T(2,1)*GlobalX(j)+T(2,2)*GlobalY(j)+T(2,3)*GlobalZ(j); 

        
       

Fzlocal(j)=T(3,1)*GlobalX(j)+T(3,2)*GlobalY(j)+T(3,3)*GlobalZ(j); 
end 
save(savefilex, 'Fxlocal') 
save(savefiley, 'Fylocal') 
save(savefilez, 'Fzlocal') 

  



99 

Annex IV – Neck Injury Criteria routine classification – Matlab code 

%   This routine calculates the Neck Injury Criteria 
%   Code by : Filipa Vieria 
%   Date    : September 2014 
%% Initial 
close all; clear all; clc; format short; format compact; 

  
%% Nij (neck injury criterion) 

  
% open file with the Axial Force ('Fz_NECK.dia') 
load Fzlocal_neck.mat 

  
% open file with the Angular Acceleration ('AcAngular_NECK.dia') 
load AgAccelylocal_neck.mat 

  
Fz_vector = Fzlocal'; 

  
Ac_Ag_vector= Accelylocal'; 

  
Fintm = - 6160; % FMVSS 208 intercep value [N] - negative values: 

compression 
FintM = 6806; % FMVSS 208 intercep value [N] - positive values: 

tension 

  
Mintm = - 310; % FMVSS 208 intercep value [N*m] - negative values: 

flexion 
MintM = 135; % FMVSS 208 intercep value [N] - positive values: 

extension 
Iyy = 22.2*(10^-3); % Moment Of Inertia [kg*m^2] 
My = 0; % initial bending moment in sagittal plane y [N*m] 
Nij = 0; 
Fint = 0; 
Mint = 0; 

  
k = max(Ac_Ag_vector); % takes the highest angular acceleration 
w = min(Ac_Ag_vector); 
if k >= abs(w), Ac_Ag = k; 
else Ac_Ag = w; 
end 

  
k2 = max(Fz_vector); % takes the highest z-axis force 
w2 = min(Fz_vector); 
if k2 >= abs(w2), Fz = k2; 
else Fz = w2; 
end 

  
My = Iyy * Ac_Ag; 

  
if Fz>=0, Fint = FintM; % definition of z-axis reference force 
else Fint = Fintm; 
end 

  
if My>=0, Mint = MintM; % definition of z-axis reference force 
    else Mint = Mintm; 
end 

  
Fz 
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Ac_Ag 
Fint 
Mint 
Nij= Fz/Fint + My/Mint 
  %% NIC (Neck Injury Criterion) 

   
  % open file with the x Head Acceleration 
  load Accelxlocal_head.mat 
  Accel_H = Accelxlocal'; 
 % open file with the x Torso Acceleration 
  load Accelxlocal_torso.mat 
  Accel_T = Accelxlocal'; 

  
 Accel=(Accel_T-Accel_H); 

   
 % open file with the x Velocity head 
 load Velxlocal_head.mat 
 Vel_H = Velxlocal';  
 % open file with the x Velocity torso 
  load Velxlocal_torso.mat 
  Vel_T = Velxlocal'; 

   
 Vel=(Vel_T-Vel_H)'*(1/3600*10^3); %convertion from km/h to m/s 

  
   % Calculation of NIC(t)  
  for i=1:1:size(Accel)-1 
       NICvalue(i)=0.2*Accel(i)+(Vel(i)*Vel(i));   
  end 

   
   NICvaluep = max(NICvalue); 
   NICvaluen = min (NICvalue); 
  if NICvaluep>= abs (NICvaluen), NIC=NICvaluep; 
  else NIC = NICvaluen; 
  end 
  NIC 
  RiskFactor=NIC/15 
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Annex V – Injury’ Analysis: detailed result tables of the study cases 
(#3, #4 and #5) 

Study case #3: Occupant 16 

Head injuries 

Table 57 - Occupant 16: Head Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External 

Cut with 12 cm of length fronto-parieto-temporal on the left side; 
Excoriations in frontal region; 
Bruises: 2 on the left side, 1 on the right side; 
Cut with 2 cm of length near the right ear. 

AIS 3 
Fracture 

Internal 
Several areas with blood infiltration; 
Left anterior temporal bone fracture; 
Bones of basis fracture. 

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion estimation Injury criteria Criterion Estimation 

HIC 

2081.52 
AIS 3 

(probability of 
injury =100%) 

Global: 
3 

Fracture 

HIC 

520.78 
AIS 2 

(probability of 
injury = 40%) Global: 

2 Skull Fracture 
Probability 

79% 
Skull Fracture 
Probability 

20% 

Angular 
Acceleration 

AIS 5 
Angular 
Acceleration 

AIS 0 

Neck and Spinal injuries 

Table 58 - Occupant 16: Neck Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External  
Safe 

Internal  

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

    
3.78 
AIS 1 Global: 

AIS > 1 

    
2.63 
AIS 1 Global: 

AIS > 1 
NIC 

2310 
RF = 153.97 

NIC 
2510.7 

RF = 167.38 
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Thoracic injuries 

Table 59 - Occupant 16: Thoracic Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External 

Multiple excoriation in right clavicle region  and others 
excoriation spread in right anterior side (the bigger has 13 x 1 
cm); 
Ecchymosis on left breast. AIS > 3 

Internal 
Sternum fracture with pleura rupture; 
Right ribs fracture; 
Pulmonary contusion. 

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Compression 
of the thorax 

0.23 N/mm 
AIS 0.73 

Global: 
AIS > 2 

Compression 
of the thorax 

0.21 N/mm 
AIS 0.38 

Global: 
AIS > 3 

Lateral Force 

3.68 kN 
RF AIS 0 = 0.50 
RF AIS 3 = 0.36 

RF AIS 25%4 = 0.67 

Lateral Force 

-16.09 kN 
RF AIS 0 = 2.17 
RF AIS 3 = 1.58 

RF AIS 25%4 = 2.93 

Lateral 
Acceleration 

-62.84 g 
RF = 1.05 

Lateral 
Acceleration 

-55.66 g 
RF = 0.93 

Abdominal injuries 

Table 60 - Occupant 16: Abdominal Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External Multiple excoriations in left anterior side (22 x 11 cm). 
AIS 1 

Internal  

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Anterior-Posterior 
Force 

2.71 kN 
AIS > 3 

Global: 
AIS > 1 

Anterior-Posterior 
Force 

5.91 kN 
AIS > 3 

Global: 
AIS 3 

Lateral Force 
-1.46 kN 

AIS 0 
Lateral Force 

-4.72 kN 
AIS 3 

Total Horizontal 
Force 

2.72 kN 
Risk of 
Injury = 

30% 

Total Horizontal 
Force 

6.43 kN 
Risk of 
Injury = 

98% 
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Pelvic Injuries 

Table 61 - Occupant 16: Pelvic Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External 
Excoriations: spread in left posterior, anterior and lateral 
sides. Safe 

Internal  

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Hip Anterior-
Posterior Force 

2.71 kN 
RF = 0.44 

Global: 
Safe 

Hip Anterior-
Posterior Force 

5.91 kN 
RF = 0.95 

Global: 
AIS > 0 

Right Femur 
Anterior-Posterior 
Force 

1.20 kN 
RF = 0.12 

Right Femur 
Anterior-Posterior 
Force 

1.48 kN 
RF = 0.15 

Left Femur Anterior-
Posterior Force 

0.89 
RF = 0.08  

Left Femur Anterior-
Posterior Force 

135 kN 
RF = 0.14 

Hip Lateral Force 
-1464.7 kN 
RF = 0.15 

Hip Lateral Force 
-4.72 

RF = 0.47 

Hip Lateral 
Acceleration 

-74.16 g 
RF = 0.93  

Hip Lateral 
Acceleration 

24.88 g 
RF = 0.31 

Maximum pubic 
symphysis force 

2.72 kN 
Maximum pubic 
symphysis force 

6.43 kN 

Lower and Upper Extremities Injuries 

Table 62 - Occupant 16: Lower Extremities Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External 
Excoriations in knee right posterior side and other in external 
face of the left lower leg. 
Cut in left lower leg: visible fibula and tibia fracture. 

AIS > 2 
Fracture 

Internal Left tibia and fibula fracture. 

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Right Femur 
Compressive Force 

-2.83 kN 
RF = 0.37 

Global: 
No 

Fractures  

Right Femur 
Compressive Force 

-7.46 kN 
RF = 0.97 

Global: 
No 

Fractures 

Left Femur 
Compressive Force 

-1.47 kN 
RF = 0.19 

Left Femur 
Compressive Force 

-2.39 kN 
RF = 0.31 

Right Lower Leg 
Compressive Force 

-1.7 kN 
RF = 0.16 

Right Lower Leg 
Compressive Force 

-1.81 kN 
RF = 0.17 

Left Lower Leg 
Compressive Force 

0.80 kN 
RF = 0.08 

Left Lower Leg 
Compressive Force 

1.56 kN 
RF = 0.15 
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Table 63 - Occupant 16: Upper Extremities Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External 
Ecchymosis in right arm and other in left lower arm; 
Excoriations in right and left elbow; 
Bruises in both hands. 

Fracture 

Internal Right humerus head fracture. 

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Right Upper Arm 
Compressive Force 

1.53 kN 
RF = 0.47 

Global: 
No 

Fractures 

Right Upper Arm 
Compressive Force 

-2.18 kN 
RF = 0.67 

Global: 
Facture of 
left Lower 

arm 

Left Upper Arm 
Compressive Force 

-0.90 kN 
RF = 0.28 

Left Upper Arm 
Compressive Force 

1.54 kN 
RF = 0.48 

Right Lower Arm 
Compressive Force 

0.98 kN 
RF = 0.20 

Right Lower Arm 
Compressive Force 

3.29 kN 
RF = 0.66 

Left Lower Arm 
Compressive Force 

1.22 kN 
RF = 0.25 

Left Lower Arm 
Compressive Force 

-6.57 kN 
RF = 1.32 

ISS scale 

According to the autopsy the most damaged regions were Head (AIS 3), Thorax (AIS 3) 

and Abdomen (AIS 1), thus                       . For the belted model they are 

same but with different AIS, thus Head (AIS 3), Thorax (AIS 2) and Abdomen (AIS 2), so 

                     . Finally, the unbelted model highest AIS values are Thorax (AIS 

3), Abdomen (AIS 3) and Head (AIS 2), resulting in                        . The 

            is closer from           than           but according to Figure 40 - ISS values and 

life threatening [adapted from 38], the 3     are not related to highest rates of mortality. In 

this case, the     does not allow to conclude about seat belt using. 

 

 

 

 

 

 

 

 

 

 



105 

Study case #4: Occupant 29 

Head injuries 

Table 64 - Occupant 29: Head Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External 

Cut from frontal to occipital region, right side (23 cm of 
length); 
Several excoriations in frontal right side and in submentonian 
region; 
Several bruises in both sides of the face.  

AIS 4 
Fracture 

Internal 

Several areas with blood infiltration; 
Fracture from pariental right bone to occipital bone 
(horizontal) and to temporal bone (vertical); 
Bones of basis fracture. 

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion estimation Injury criteria Criterion Estimation 

HIC 

348.34 
AIS 3 

(probability of 
injury = 5%) Global: 

AIS 3 

HIC 
46.28 
AIS 0 

Global: 
Safe Skull Fracture 

Probability 
10% 

Skull Fracture 
Probability 

0% 

Angular 
Acceleration 

Safe 
Angular 
Acceleration 

Safe 

Neck and Spinal injuries 

Table 65 - Occupant 29: Neck Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External Several excoriations on left anterior face  
AIS > 3 

Fracture  Internal 
D3 and D5 fracture with epi and subdural hemorragias; 
Myelomalacia of spinal cord. 

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

    
3.26 
AIS 3 

Global: 
AIS > 3 

    
1.75 
AIS 2 

Global: 
AIS 2 

NIC 
665.81 

Risk Factor = 
44.39 

NIC 
214.80 

RF = 14.32 
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Thoracic injuries 

Table 66 - Occupant 29: Thoracic Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External 
Excoriation in posterior side; 
Ecchymosis in left clavicle region and other in right lumbar 
region. 

AIS 4 

Internal 
Sternum fracture with clavicle disarticulation; 
Multiple ribs fracture with pleura rupture; 
Pulmonary contusion. 

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Compression 
of the thorax 

0.10 N/mm 
AIS 0 

Global: 
AIS > 2 

Compression 
of the thorax 

0.49 N/mm 
AIS 5.74 

Global: 
AIS 5 

Lateral Force 

3.03 
RF AIS 0 = 

0.41 
RF AIS 3 = 

0.30 
RF AIS 25%4 

= 0.55 

Lateral Force 

6.48 
RF AIS 0 = 

0.88 
RF AIS 3 = 

0.64 
RF AIS 
25%4 = 

1.18 

Lateral 
Acceleration 

-130.67 g 
RF = 2.18 

Lateral 
Acceleration 

29.50 
RF = 0.49 

Abdominal injuries 

Table 67 - Occupant 29: Abdominal Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External Excoriation in lateral side. 
AIS 3 

Internal 
Liver contusion; 
Spleen laceration 

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Anterior-Posterior 
Force 

1.55 kN 
AIS > 3 

Global: 
AIS 3 

Anterior-Posterior 
Force 

4.65 kN 
AIS > 4 

Global: 
AIS 4 

Lateral Force 
-0.49 kN 

AIS 0 
Lateral Force 

2.4 kN 
AIS 2 

Total Horizontal 
Force 

1.56 kN 
Total Horizontal 
Force 

4.79 
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Pelvic Injuries 

Table 68 - Occupant 29: Pelvic Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External Excoriation in lateral side. 
Safe 

Internal  

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Hip Anterior-
Posterior Force 

1.55 kN 
RF = 0.25 

Global: 
Safe 

Hip Anterior-Posterior 
Force 

4.65 kN 
RF = 0.75 

Global: 
AIS > 1 

Right Femur 
Anterior-Posterior 
Force 

1.31 kN 
RF = 0.13 

Right Femur Anterior-
Posterior Force 

0.23 kN 
RF =0.02 

Left Femur Anterior-
Posterior Force 

3.99 kN 
RF= 0.39 

Left Femur Anterior-
Posterior Force 

1.55 kN 
RF = 0.15 

Hip Lateral Force 
-0.49 kN 
RF = 0.05 

Hip Lateral Force 
2.61 kN 

RF = 0.24 

Hip Lateral 
Acceleration 

-90.33 g 
RF = 1.13 

Hip Lateral 
Acceleration 

22.08 g 
RF =0.28 

Maximum pubic 
symphysis force 

1.56 
Maximum pubic 
symphysis force 

4.79 

Lower Extremities Injuries 

Table 69 - Occupant 29: Lower Extremities Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External 

Excoriation in right knee; 
Excoriations in right external malleolar region and in right 
dorsal foot region; 
Ecchymosis and excoriation in right posterior knee side; 
Ecchymosis and excoriation in left knee side; 
Ecchymosis on left anterior leg side; 
Ecchymosis and excoriation in left dorsal foot region; 
Excoriations spread and an Excoriation in left gluteus region; 

Safe 
No Fractures 

 

Internal  

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Right Femur 
Compressive Force 

-1.36 kN 
RF = 0.18 

Global: 
No 

Fractures 

Right Femur 
Compressive Force 

0.23 kN 
RF = 0.03 

Global: 
No 

Fractures 

Left Femur 
Compressive Force 

3.89 kN 
RF = 0.50 

Left Femur 
Compressive Force 

-2.28 kN 
RF = 0.30 

Right Lower Leg 
Compressive Force 

-0.88 kN 
RF = 0.09 

Right Lower Leg 
Compressive Force 

2.71 kN 
RF = 0.26 

Left Lower Leg 
Compressive Force 

-1.31 kN 
RF = 0.13 

Left Lower Leg 
Compressive Force 

5.08 kN 
RF = 0.49 



108 

Upper extremities Injuries 

Table 70 - Occupant 29: Upper Extremities Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External 

Cut in right lower arm; 
Cut in right hand with muscles laceration; 
Ecchymosis on left elbow; 
Ecchymosis on second finger of the left hand. 

Fracture of 
both radius 

Internal 
Both radius bone fracture by its head with humerus  
disarticulation; 
Right hand muscles laceration. 

Computational  Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Right Upper Arm 
Compressive Force 

-0.86 
RF = 0.26 

Global: 
No 

Fractures 

Right Upper Arm 
Compressive Force 

2.48 kN 
RF = 0.76 

Global: 
Fracture 

of left 
upper 
arm 

Left Upper Arm 
Compressive Force 

-0.94 
RF= 0.30 

Left Upper Arm 
Compressive Force 

-5.97 kN 
RF = 1.88 

Right Lower Arm 
Compressive Force 

0.64 
RF = 0.13 

Right Lower Arm 
Compressive Force 

1.16 kN 
RF = 0.23 

Left Lower Arm 
Compressive Force 

0 
Left Lower Arm 
Compressive Force 

1.03 kN 
RF = 0.21 

ISS scale 

According to the autopsy the most damaged regions were Head (AIS 4), Thorax (AIS 4) 

and Neck (AIS 3) and Abdomen (AIS 3), thus                       . For the belted 

model they are Head (AIS 3), Abdomen (AIS 3) and Neck (ASI 3), so                 

     . Finally, the unbelted model highest AIS values are Thorax (AIS 5), Abdomen (AIS 4) 

and Neck (AIS 2), resulting in                         . The             is closer 

from           than           and according to Figure 40 - ISS values and life threatening 

[adapted from 38], these two     values are related to 37% to 45% rate of mortality, while the 

          is related to 11%. In this case, the passenger should not be wearing the seat belt. 
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Study case #5: Occupant 28 

Head injuries 

Table 71 - Occupant 28: Head Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External Several cuts, excoriations and bruises spread on the face.  

AIS 3 
Internal 

Several areas with blood infiltration; 
Hemorrhages; 
Contusion in brain region. 

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion estimation Injury criteria Criterion Estimation 

HIC 

207.61 
AIS 3 

(probability of 
injury = 5% Global: 

AIS 3 

HIC 

656.39 
AIS 3 

(probability of 
injury = 20%) Global: 

AIS 3 Skull Fracture 
Probability 

10% 
Skull Fracture 
Probability 

20% 

Angular 
Acceleration 

AIS 5 
Angular 
Acceleration 

AIS 5 

Neck and Spinal injuries 

Table 72 - Occupant 28: Neck Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External Excoriations on posterior side  
Safe 

Internal  

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

    3.18 
Global: 
AIS > 2 

    3.13 
Global: 
AIS 2 NIC 

588.94 
RF = 39.26 

NIC 
304.46 

RF = 20.30 
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Thoracic injuries 

Table 73 - Occupant 28: Thoracic Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External Ecchymosis In breast. 

AIS 4 
Internal 

Sternum fracture; 
Multiple ribs fracture with pleura rupture; 
Pulmonary contusion. 

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Compression 
of the thorax 

0.23 N/mm 
AIS 0.72 

Global: 
AIS > 2 

Compression 
of the thorax 

0.54 
AIS >6 

Global: 
AIS > 5 

Lateral Force 

-3.67 
RF AIS 0 = 

0.50 
RF AIS 3 = 

0.36 
RF AIS 25%4 

= 0.67 

Lateral Force 

-10.00 
RF AIS 0 = 

1.35 
RF AIS 3 = 

0.98 
RF AIS 
25%4 = 

1.82 

Lateral 
Acceleration 

-63.31 g 
RF = 1.06 

Lateral 
Acceleration 

-39.73 g 
RF = 0.66 

Abdominal injuries 

Table 74 - Occupant 28: Abdominal Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External Excoriations in umbilical region. 
AIS 3 

Internal Several lacerations in right lobe of liver. 

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Anterior-Posterior 
Force 

1.63 
AIS > 3 

Global: 
AIS 3 

Anterior-Posterior 
Force 

7.51 kN 
AIS > 4 

Global: 
AIS > 4 

Lateral Force 
-0.64 
AIS 0 

Lateral Force 
7.52 kN 
AIS > 3 

Total Horizontal 
Force 

1.66 
Total Horizontal 
Force 

11.11 kN 

 

 

 

 



111 

Pelvic Injuries 

Table 75 - Occupant 28: Pelvic Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External  
Safe 

Internal  

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Hip Anterior-
Posterior Force 

1.63 kN 
RF = 0.26 

Global: 
Safe 

Hip Anterior-
Posterior Force 

10.72 kN 
RF = 1.73 

Global: 
AIS 2 

Fracture 

Right Femur 
Anterior-Posterior 
Force 

1.39 kN 
RF = 0.14 

Right Femur 
Anterior-Posterior 
Force 

1.01 kN 
RF = 0.10 

Left Femur Anterior-
Posterior Force 

2.09 
RF = 0.21 

Left Femur Anterior-
Posterior Force 

7.24 kN 
RF =0.72 

Hip Lateral Force 
-0.64 kN 
RF = 0.06 

Hip Lateral Force 
7.52 kN 

RF = 0.75 

Hip Lateral 
Acceleration 

-66.95 g 
RF = 0.84 

Hip Lateral 
Acceleration 

34.05 g 
RF = 0.43 

Maximum pubic 
symphysis force 

1.66 
Maximum pubic 
symphysis force 

11.90 

Lower Extremities Injuries 

Table 76 - Occupant 28: Lower Extremities Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External 

Cut in right and anterior leg side; 
Right femur fracture; 
Excoriation in right and anterior knee side; 
Bruises spread in all lower both lower limbs. 

AIS 3 
Fractures 

Internal 
Right femur fracture. 
Left femur fracture. 

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Right Femur 
Compressive Force 

-1.56 kN 
RF = 0.20 

Global: 
No 

Fractures 

Right Femur 
Compressive Force 

-2.10 kN 
RF = 0.27 

Global: 
No 

Fractures 

Left Femur 
Compressive Force 

-2.61 kN 
RF = 0.34 

Left Femur 
Compressive Force 

7.24 kN 
RF = 0.94 

Right Lower Leg 
Compressive Force 

0.58 kN 
RF = 0.08 

Right Lower Leg 
Compressive Force 

-4.76 kN 
RF = 0.46 

Left Lower Leg 
Compressive Force 

0.69 kN 
RF = 0.07 

Left Lower Leg 
Compressive Force 

-5.89 kN 
RF = 0.57 
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Upper extremities Injuries 

Table 77 - Occupant 28: Upper Extremities Injuries. 

Autopsy data 

Injuries AIS/Fracture 

External 
Ecchymosis in both hands posterior face;  
Ecchymosis in anterior face of left arm and lower arm. Safe 

Internal  

Computational Simulation data 

Belted Occupant  Unbelted Occupant  

Injury criteria Criterion Estimation Injury criteria Criterion Estimation 

Right Upper Arm 
Compressive Force 

-0.73 kN 
RF = 0.22 

Global: 
No 

Fractures 

Right Upper Arm 
Compressive Force 

4.06 kN 
RF = 1.24 

Global: 
Fracture 
of Right 
Upper 
Arm 

Left Upper Arm 
Compressive Force 

-0.87 kN 
RF = 0.27 

Left Upper Arm 
Compressive Force 

2.39 kN 
RF = 0.75 

Right Lower Arm 
Compressive Force 

-0.96 kN 
RF = 0.19 

Right Lower Arm 
Compressive Force 

-1.18 kN 
RF = 0.24 

Left Lower Arm 
Compressive Force 

0.91 kN 
RF = 0.18 

Left Lower Arm 
Compressive Force 

1.21 kN 
RF = 0.24 

ISS scale 

According to the autopsy the most damaged regions were Thorax (AIS 4), Head (AIS 3) 

plus Abdomen (AIS 3), thus                       . For the belted model they are 

Head (AIS 3), Abdomen (AIS 3) and Neck (ASI 2) and Thorax (AIS 2), so                 

     . Finally the unbelted model highest AIS values are Thorax (AIS 5), Abdomen (AIS 4) 

and Head (AIS 3), resulting in                        . The           is closer to 

          than to             , but           value is related to 4% of rate of mortality, while 

the             and            values are related to 58% and 24%, respectively. Like in the 

previous case, this passenger should not be wearing the seat belt. 


