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ABSTRACT
The increasingly frequent natural disasters, summed to the pandemic event, have
leaded countries to reorganize their cities, habits, moves. The first step was to
implement solutions to limit urban congestion by inducing citizens to prefer more
sustainable and active ways. To discourage the use of motorized transport, more and
more routes or areas for active users, as pedestrian or cyclists, should be dedicated. In
order to conceive a safe and comfortable environment, specific studies and high
budget, are needed. Due to the current economical constraints and the increasing need
of physical distancing due to the pandemic situation, private and public road managers
need procedures that maximize the resources to implement effective and sustainable
interventions. It must be said that all the measures and actions implemented so far in
the road sector are aimed at reducing the danger of the motorized component, but little
has been done for vulnerable users. Unfortunately, in Italy there are still few
regulations that can support technicians in the decision-making process. The most
common way to solve the safety problem is the use of a systemic approach and this
PhD thesis has the main objective of presenting a preliminary methodology for
assessing the safety of vulnerable road users. In particular, the framework of the
proposed procedure accompanies the sequence of the Chapters, which can be
summarized as follows:
• Introduction: this chapter presents the need to convert citizens' habits towards
sustainability in order to respond to European demands. This requires the evaluation
of road safety which can be pursued with different methods proposed in the
literature; the one chosen in this study is based on risk analysis.
• Chapter 1: deals with risk-based engineering analyzes, created mainly to activate
forecasting and prevention measures in response to the damage generated by natural
disasters. This made it possible to obtain a general definition of risk which was then
extended to many other sectors such as the road sector. Then the different risk
factors were identified (then examined in detail in the following chapters).
• Chapter 2: notes the relationship between road safety and vehicle speed. a
predictive model was developed to estimate the average speed of vehicles (which
represents the vehicle exposure factor) as a function of the urban, rural and
“transition” environment. This model starts from a recalibration and re-adaptation
of the literature models using Floating Car Data (FCD).

• Chapter 3: to assess the risk to which users are subjected in a road section, it is
necessary to know not only the anthropometric data of the average user but also the
exposure of vulnerable users, therefore the pedestrian and cycle flow. To estimate
these flows, a hybrid methodology was defined which blends the purely
configurational approach with the characteristics of the examination area and a
demand-driven methodology.
• Chapter 4: to prevent accidents at a site and predict the related consequences, since
the data is not always available, a methodology has been proposed that enriches the
existing vulnerability functions with the kinematic parameters of multibody
simulations.
• Chapter 5: once the risk factors were defined, a synthetic index was created. The
latter allows to identify and classify the sites providing a prioritization of
interventions. To choose the type of countermeasure to be implemented, it is
necessary to take into account the characteristics of the road, flows, speeds, the
surrounding space, the hierarchy of the roads but also the available economic
resources. Then, the most common countermeasures for the safety of pedestrians
and cyclists were identified, their estimated average costs were considered and
decision-making matrices of choice were proposed. This should allow the designer

•

to have a procedure that, starting from the context and the risk factor, identifies the
most convenient and effective countermeasure.
Chapter 6: among the many countermeasures, the one most used in urban areas to
reduce the speed of vehicles is traffic calming. In this chapter, attention was focused
on altimetric devices, analyzing the effects they produce on the human body
(whether used temporarily or permanently, single or in series) using simplified
models.
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INTRODUCTION
Sustainable mobility is a hot topic that has generated numerous debates in
international and national policies. In fact, governance increasingly needs to initiate
policies aimed at reducing the environmental impact resulting from the mobility of
people and goods.
With the advent of the new millennium, it became clear that the world was growing
at an unsustainable pace. For this reason, the 193 UN member states have committed
themselves to achieve, between 2000 and 2015, the Millennium Development Goals
(MDG) (World Health Organization (WHO), 2017) (United Nations Organization
(ONU), 2000). Eight objectives have been defined and summarized in the following
figure.

Figure I.0.1 Symbols of the eight MDGs

Each of the objectives had specific targets and dates set for achieving them. To
accelerate progress, the finance ministers of the G8 countries decided in 2005 to
provide funds; these were intended for social programs to improve health and
education and to alleviate poverty. Important milestones have been achieved since the
MDGs were adopted, however, the set goals have not been fully achieved (UNSTATS,
2015) (United Nations Organization (UN), 2015). It is from this partial failure that the
need and desire to do more arise. So in 2015, the countries of the world came together
again to chart a plan for a sustainable future, focusing on complex issues (including
poverty, hunger, education, health, employment, reducing inequalities, climate
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change) which embrace the three dimensions of development (economy, society and
environment) closely interrelated.
The novelty lies in the fact that, while the MDGs were aimed only at developing
countries, these new objectives are considered universal, since they concern all
countries and all inhabitants of the world (Sachs, 2012). They are also more complex
and complete because they include new issues, such as climate change, sustainable
consumption, innovation in all fields and the importance of ensuring peace and justice
for all.
At a global level it was understood that common and shared action was necessary
to improve the life of the Planet and its inhabitants, so they created the 2030 Agenda
for Sustainable Development.
This is based on five key concepts:
•
•
•
•
•

People: it consists in eliminating hunger and poverty in all forms, guaranteeing
dignity and equality;
Prosperity: guaranteeing prosperous and full lives in harmony with nature;
Peace: promoting peaceful, just and inclusive societies;
Partnership: implement the Agenda through solid partnerships;
Planet: protecting the planet's natural resources and climate for future
generations.

Figure I.0.2 The key concepts of the 2030 agenda

The 2030 agenda is made up of 17 Sustainable Development Goals (SDGs) divided
into 169 Targets (Nations, 2015) (Alleanza Italiana per lo Sviluppo Sostenibile
(ASviS), 2015); these represent a compass to put Italy and the world on a sustainable
path. The process of changing the development model is monitored through Goals,
Targets and over 240 indicators: with respect to these parameters, each country is
periodically evaluated by the UN and by national and international public opinion.
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Each Objective cannot be considered independently but must be pursued on the
basis of a systemic approach, which takes into account the reciprocal interrelationships
and does not have negative repercussions on other spheres of development. Only the
integrated growth of all three components will allow the achievement of sustainable
development.

Figure I.0.3 Sustainable Development Goals (SDGs)

To implement the Sustainable Development Goals it is necessary to intervene by
involving all components of society (from businesses to the public sector, from civil
society to philanthropic institutions, from universities and research centers, to
information and culture operators) both at an international level than national. This
means that resources must be made available for all countries, according to their level
of development, contexts and national capacities.
Within the framework of these 2021-2027 reforms, there is the Next Generation Eu
(Ngeu) plan (also known as the Recovery fund) which is seen as a tool for relaunching
the EU economy after the pandemic crisis. This is a set of investments and reforms to
accelerate the ecological and digital transition, improve the training of male and female
workers, and achieve greater gender, territorial and generational equity. The Ngeu
foresees a fund of 750 billion euros, of which 209 billion (27.8%) went to Italy. The
goal is to implement reforms that increase the sustainability of individual European
economies, making them more "resilient" to the changes that are looming in the years
of recovery from the Covid-19 crisis. In order to explain how and where they will
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spend the money coming from the EU, the various countries must submit the National
Recovery and Resilience Plans (PNRR) to Brussels. These national plans must comply
with predefined criteria, concentrating investment and spending projects.
The PNRR presented by Italy is divided into sixteen Components, grouped into six
Missions with a breakdown of funds as shown in the following figure.

Figure I.0.4 Allocation of resources for Missions

This thesis work can be linked to the third Mission. Given the devastating effects
caused by global warming, countries around the world are taking action to limit it. To
do this, it is necessary to focus on the use of non-polluting and sustainable means.

Sustainable Mobility concept
Since the 1990s in Italy there has been talk of sustainable mobility, or rather low
environmental impact mobility aimed at maximizing the efficiency and speed of travel.
Indeed, according to the World Business Council for Sustainable Development (2020),
this mobility allows people to move freely, communicate and establish relationships
without ever losing sight of the human and environmental aspects.
Thanks to a huge amount of research-driven evidences, European countries have
now realized that by improving transport systems (focusing above all on public, shared
and more eco-sustainable services) it is possible to make cities safe and livable by
reducing negative externalities (noise pollution, smog, traffic congestion, accidents,
greenhouse gas emissions or fine dust, etc).
The growing demand for mobility of road transport, especially private, often makes
circulation conditions in urban and rural contexts very critical. Due to the unbalanced
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interaction between supply and demand, the decline in service levels and the increase
in emissions of greenhouse gases, nitrogen oxides and fine particles are observed
(Fioravanti, et al., 2020).
The spread of Covid-19 in 2020 and the consequent need to implement restrictive
measures, as highlighted by National Geographic (2020) and the ESA (European
Space Agency) (2020), emphasized that the reduction of vehicles in circulation and
the reduction of the activity of factories have led to an improvement in air quality.
It is therefore necessary to change habits, choosing to share a new way of moving,
this requires a multidisciplinary approach that involves citizens, car manufacturers,
public administrations and politics.
It is, therefore, necessary to make cities smart by implementing strategies to
optimize and innovate public services. A city, in fact, cannot be defined as a “Smart
City” if it does not allow equal accessibility to everyone, including the disabled. With
regard to sustainable and inclusive accessibility to mobility, several comparisons
between the whole network and the network adapted to disabled people have been
proposed to measure the equity/inequality of the network systems. According to
(Bartzokas-Tsiompras, Paraskevopoulos, Sfakaki, & Photis, 2020), looking at fifteen
cities in Europe, a disparity in accessibility persists between non-disabled and disabled
individuals (in wheelchairs). In this direction, in addition to policies to promote active
mobility, it is necessary to insert strategies to ensure equal accessibility (such as
presence and width of sidewalks, sidewalk ramps, lifts, etc.) (Campisi, et al.,
2020).This intelligent mobility, in addition to reducing congestion and pollution, is
likely to improve traffic safety, inducing citizens to travel in a sustainable way (Garau,
Masala, & Pinna, 2016) (Pinna, Masala, & Garau, 2017).Moreover, developing
smarter and more sustainable mobility will allow you to:
 Reduce air pollution: Europe has set as a goal, by 2050, a 60% reduction in
emissions from transport since transport sector consumes about one-third of
total energy consumption and produces one-fifth of greenhouse gas
emissions. To achieve the set goal, new technologies and the use of the most
efficient systems must be encouraged (for example, hydrogen-powered
trains, cars with electric motors, technological infrastructures, etc)
 Reduce noise pollution: transport generates excessive noise levels and
roads, railways and airports are certainly among the main sources of
disturbance. This pollution has consequences on the health and well-being
of people (sleep disturbances, increased blood pressure, cardiovascular
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diseases, etc) and regulations at national level indicate the exposure
thresholds and the measures to be undertaken.
 Reduce vehicular congestion: by encouraging the use of shared and public
transport to the detriment of private ones, in order to reduce congestion and
travel times and to make cities more accessible to vulnerable users.
 Reduce land use: due to the growth of transport systems often irrespective
of the landscape issues, it is necessary to optimize the collective built-up
spaces.
 Reduce costs and transport efficiency: by creating innovative, integrated,
efficient and connected transport, both individual and collective costs and
times are reduced.
To make cities innovative, connected but at the same time sustainable, technology
can be used to control and save energy as well as to optimize mobility and safety
solutions. To do this, it is essential to make the transport service efficient by focusing
on multimodality. Multimodal transport allows for the combined way different modes
(at least two) of transport. Therefore, tailor-made offers must be developed including
various ways, such as public transport, shared cars and bicycles, electric scooters, taxis
and more, such as Mobility-As-A-Service (MAAS) systems that allow simple and safe
access to the offers of mobility providers through an app, which becomes visible and
bookable; allowing to maximize resources and time by combining the different
available means.

Figure I.0.5 Operation diagram of a multimodal service

Multimodality could become an existential experience against everyday stress,
encouraging users to change their habits.
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Creating integrated services, with a view to making cities smart, therefore means
starting projects aimed at citizens to lead them to reflect on their mobility choices,
encouraging awareness and convenience for changing behavior. In fact, more and
more often targeted interventions are put in the cities; among the most frequent are
mentioned:
• the re-design of public transport supply by means of the strengthening of
the infra-structure and services both at local (urban) and
national/international level.
•

the promotion of preferential lanes intended exclusively for public transport
(buses, trams, taxis) or emergency vehicles; this allows to avoid traffic
congestion giving an advantage to those who use public transport instead of
private transport.

•

the creation of cycling paths or pedestrian areas, therefore areas dedicated
exclusively to bicycles and pedestrians; giving the feeling of greater safety
and protection, which encourages people to walk or pedal for short trips
instead of using a car or motorbike.
road pricing (urban toll) and park pricing to discourage or limit the access
in urban areas to private vehicles (cars, motorcycles, scooters, etc.) in order

•

•
•

•

to reduce traffic congestion, smog and encourage the use of public transport.
traffic blocking i.e. a temporary and occasional public intervention to
partially or totally limit vehicular traffic in urban areas.
the use of limited traffic areas (ZTL in Italy) as a permanent blocking of
traffic in the central or more congested areas of the city. The ban pushes
people to use public transport or to replace their private vehicle with a low
environmental impact vehicle (eg electric cars, gas cars, Euro 6-7, etc).
car-sharing or bike-sharing i.e. forms of collective mobility based on the
rental of a low environmental impact vehicle (electric car or bike) for a few
hours or days, that are increasingly adopted in urban areas

•

car-pooling i.e. another form of collective mobility which consists in the
use of a private car by several people, often colleagues or acquaintances,
who travel the same journey from home to work at the same times.
Despite the idea of moving towards multimodal transport, most European countries
and cities have devoted most of resources in the construction and management of
infrastructure for motor vehicles, neglecting those for active modes, namely walking
and cycling. Among the many European projects implemented, the FLOW project
(European Union, 2020) involving the implementation of strategies to promote
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walking and the use of bicycles, both in large and small cities, on short and medium
distance journeys is one of most noticeable.
However, despite the success of EU programs, the roads are still not completely
safe, in fact, a report (2020) of the ETSC (European Transport Safety Council)
highlights that in Europe from 2010 to 2018 the number of dead pedestrians was 21%
of the total, 18% of cyclists and 8% of motorcyclists (bearing in mind that pedestrian
deaths or injuries of vulnerable users are often not counted among road accidents
because the police were not consulted). This suggests that in Europe there are on
average more than 5180 deaths every year. Looking at the accident data, it seems that
although there has been a slight reduction in fatal road accidents, there are no decreases
in accidents involving vulnerable users.
Due to the intensity and speed of motorized traffic, cities are unsuitable for
vulnerable users who are often forgotten. It is, consequently, necessary to reorganize
the road network to promote the use of bicycles as a daily mode of transport for various
reasons (home-work / study, recreation, sport and free time).
To promote the use of “active mobility” it is necessary to establish rules to reduce
the high risk of injury to which cyclists and pedestrians are exposed. This implies the
reorganization of the streets which become multifunctional spaces shared equally
among all users.
People choose to travel on foot or by bicycle (European Union, 2009) based on
subjective and objective factors. The former is linked to the sense of security, the
feeling of comfort and social acceptance; while the latter ones are related to speed,
topography, climate and safety (understood as the absence of obstacles).
Taking these factors into account, a cycle network or a pedestrian area can be
designed, making it an integral part of urban mobility policies (Mobility plans and
transport), which deal, among other aspects, to ensure that the journey takes place
smoothly and therefore that the structure is:
- safe: the risk of injury due to interactions with other modes is reduced;
-

-

direct: limiting the detours so that the travel time is reduced;
continuous: so that the movements, between the different origins and
destinations, do not have path interruptions (with good connections with
other networks, mainly public transport stops and junctions);
attractive or well integrated with the environment in which it is inserted;
comfortable: allowing the cyclist to reduce physical effort and discomfort,
so as to have a pleasant and relaxed travel experience.
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In practice, it is not always possible to meet all these requirements, so there is the
need to find the right balance based on the environment in which the designer is
operating.

Road safety estimation and accident statistics
The factor that mainly affects the choice of mode of transport is the perceived
safety. To assess the safety levels of a road, reference is made to accidents that have
occurred or near miss.
There are numerous measures for the prevention of road accidents created by the
UN with the 2030 sustainable development agenda and at a national level with
National Road Safety Plan. The common goal is to halve mortality and injury (in the
decade 2010-2030), with particular reference to vulnerable road users. The result must
be policies aimed at reducing the risk of hazardous events occurring. In recent years it
has been highlighted that the risk is strongly connected to hazardous behavior on the
part of users, but also partly depends on the failure to intervene in containing the
hazards due to the geometry of the infrastructures and the failure to intervene with
technological innovations. Moreover, the lack of maintenance determines, in many
cases, the deviation of traffic on alternative routes that are often not suitable for
supporting the flows; this generates inconvenience for users, lengthening travel times
as well as creating opportunities for accidents.
Between 2010 and 2020, the average annual reduction in the number of road
fatalities was 4.4% in the EU and 4.7% in Italy, variations that did not lead to the
complete achievement of the European target (they should have reach about 15750
deaths by 2020); for this reason, the EU has set two new goals, namely halving road
fatalities and the number of seriously injured by 2030 (compared to 2020 levels)
(European Commission, 2019).
The figure below shows that since 2001 there has been a 64% reduction in the
number of road deaths in the EU (European Transport Safety Council, 2021). It should
be emphasized that the decrease in deaths and serious injuries observed in 2020 (the
number of deaths on the road fell by 40% in April 2020 alone) is the consequence of
travel restrictions, which have had a significant impact on traffic levels.
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Figure I.0.6 Data of deaths in the EU (European Transport Safety Council, 2021)

This highlights that many countries have not well understood the concept of "vision
zero"; that is an approach aimed at completely eliminating (not reducing) the victims
of road accidents. It is an integrated approach to security in which technology must be
refined, correct information must be disseminated, travel must be made efficient and
infrastructures must be reorganized. There is a need to change the way people move
and understand that road safety involves all road users, motorized and non-motorized.
Deaths and injuries are mainly motorists because about 80% of the kilometers are
traveled each year by car. Although, according to European Union statistics, around
30% of road fatalities are pedestrians and cyclists. The data for those who choose the
bike or their legs to move around are dramatic across the EU, which is why the ETSC
calls for a review of urban transport policies by applying a hierarchy for urban planning
that privileges walking, cycling and public transport versus the use of private cars.
In Italy the situation is no better, just take a look at the Istat (Istituto nazionale di
statistica) data of the last 20 years. (Istat is an Italian research institution that deals
with censuses, every ten years (the last one dates back to 2011), of the population,
services, industry and agriculture, and sample surveys on households and general
economic surveys at a national level).
It can be noted that the number of deaths has certainly decreased over the years but
an increase in injuries is observed.
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Figure I.0.7Dead and injured 2000 to 2020 according to Istat

Istat 2019 data shows a reduction in car accidents but on the other hand an increase
in accidents involving cyclists and pedestrians.

Figure I.0.8 Graphic representation of accidents by category in 2019 (source Istat)

The 2020 data show a significant decrease in accidents linked, as noted above, to
the restrictions due to the Covid-19 emergency. It should also be noted that during
2020, also in part thanks to the various economic incentives of the Government (bike
bonus and single-scooter bonus), the spread of micro-mobility began to be registered.
The term micro-mobility refers to a set of vehicles and modes of travel used for short
trips and for the transport of one or two people at the most. This group of vehicles
includes bicycles, e-bikes, electric scooters, electric skateboards (monowheels and
hoverboards), shared bicycles, and electric pedal assisted (pedelec) bicycles.
Unfortunately, as there is a great deal of confusion at the legislative level that regulates
the use of these means, there have been not a few infringements with consequent
accidents.
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Figure I.0.9 Graphic representation of accidents by category in 2020 (source Istat)

As for 2021, Asaps (Associazione sostenitori e amici polizia stradale/ Traffic police
supporters and friends Association) has published the data for the first three months.
The picture is frightening, as many as 44 deceased cyclists were recorded, compared
to 37 in 2019 (in total in that year there were 252 deaths among two-wheelers) and to
33 in 2018 (total for the year 219); while for pedestrians died there are 20, compared
to 39 in 2019(total for the year 534) and to 46 in 2018 (total for the year 612).
These data risk creating fears in users by pushing them to travel by private car.
Therefore, to promote sustainable mobility it is necessary to create the conditions for
them to feel safe. To do this, a risk-based procedure was developed that is primarily
focused on vulnerable users. Starting from literature models, the various quantities
were identified which made it possible to identify levels of "risk"; based on these, ad
hoc measures can be implemented to make the urban environment more welcoming
and safe.
Much effort has been made to reduce the frequency and severity of road accidents.
Over the years it has been realized that the most efficient way to tackle the problem is
to initiate a road safety management program. This requires multidisciplinary
knowledge, in fact, it makes use of the experience of many basic sciences (medicine,
social behavior) and many scientific disciplines (mathematics, physics, road
engineering, safety, transport, education, psychology, sociology, ergonomics,
medicine, law, urban planning). Taking into account all these aspects is complicated,
but the technical literature proposes different models. In order to reconstruct the
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reality, these start with the data of the accidents, the geometrical-operational
characteristics of the road and the environmental conditions.
The different methods adopted are based on a “model” which is the abstract and
simplified representation of reality. These models are more or less complicated based
on the modeling assumptions, knowledge, needs and information possessed by the
researcher and can change depending on the objective of the study (Hoogendoorn,
2003) (Helbing, Molnar, Farkas, & Bolay, 2001) (Hoodgendoorn & Bovy, 2004).
The approaches used can be grouped into three macro families:
 statistical and mathematical methods;
 methods based on physical models;
 probabilistic methods.
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CHAPTER 1. INTRODUCTION TO RISK
ASSESSMENT IN ROAD SAFETY FOR
VULNERABLE USERS
1.1 Risk definition
More and more often the news reports talk about the damage caused by natural
phenomena. These are significant damage both to the natural and built environment
with deaths and injuries, and to the long-term on communities as well as on the social
aspects related to the reconstruction and restoration of the functionality of structures
and infrastructures. This requires long recovery times for the return to "pre-disaster"
conditions, therefore countries are moving towards a risk reduction policy with the aim
of predicting the effects, on the most relevant territorial assets, to minimize the impact.
This allows stakeholders (planners, public administrators, service managers,
emergency departments, private investors, insurance companies, etc.) to take
mitigation actions (D’Apuzzo, M. et al., 2019) ( D’Apuzzo, M. et al., 2020).Therefore
risk analyzes are spreading; these were mainly created to activate forecasting and
prevention measures in response to the damage generated by natural disasters, then
they were extended to many other sectors. One of these is that relating to road safety.
However, it is necessary to clarify because in common language the terms "hazard"
and "risk" are used as synonyms, even if from a technical point of view, they express
different concepts. In fact, according to the legislation (UNI11230, 2007), the hazard
is the potential of a specific entity (machine, equipment, plant, substance, process,
system, etc.) to cause damage. The hazard can, therefore, be defined as a “source of
potential damage”.
While, the risk depends on the interaction between the source of hazard and the
person. Unlike the hazard that is characterized by its physical objectivity, the risk is
linked to the hypothesis that a future event could cause damage.
The first risk assessment strategies were developed in the 1970s, when the
international community began to emphasize the need to plan and prevent natural
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phenomena that were becoming an obstacle to settlement development. Therefore, the
effects of natural disasters began to be considered in humanitarian and social terms as
well as economic and developmental ones, especially for those countries where
urbanization involves areas subject to natural events (earthquakes, floods, tsunamis,
fires, etc.). After years of research on the main natural hazards (phenomena) of
meteorological, geological and geophysical origin in 1979, the conference of the
United Nations Disaster Relief Office (UNDRO,1979) defined risk as the predicted
number of lives lost, injured, property damage and business disruption due to a
particular natural phenomenon. Therefore, risk was defined as the product of a specific
risk (i.e. the degree of expected loss due to a natural phenomenon, a function of both
hazard and vulnerability) and elements at risk.
1.1
𝑅𝑖𝑠𝑘 = 𝐻𝑎𝑧𝑎𝑟𝑑∙ 𝐶𝑜𝑛𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒𝑠
The UNDRO Committee also highlighted that in order to assess the potential loss
due to a given natural hazard, the following must be taken into consideration:
- The randomness of natural hazards at a given site;
- The role of existing structures which have their intrinsic vulnerability;
- The importance of the elements (population, housing, economic activities, etc.)
possibly affected, called “elements at risk”;
- The definition of the expected risk over a period of time.
So to emphasize both the concept of chance or possibility (for example, the risk of
an accident) of potential losses, for a given cause, place and period, the risk can simply
be expressed as the product of three integral components, namely hazard , vulnerability
(of buildings, infrastructures and population) and exposure of these resources present
in the study area. It is a probabilistic estimate that can be evaluated as:
1.2
𝑅0=𝐻∙𝑉∙𝐸
Where:
R0 is the risk referred to the assets displayed in the area of interest, expressed as far
as possible in terms of probability or frequency of occurrence of predefined
consequences;
H expresses the hazard of the area of interest (as it increases, the risk increases); “A
potentially damaging physical event, phenomenon and/or human activity, which may
cause loss of life or injury, property damage, social and economic disruption or
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environmental degradation. Hazards can be single, sequential or combined in their
origin and effects " (UN/ISDR, 2004);
E expresses the exposure in the area of interest (as it increases, the risk increases);
is the measure of possible future losses that may arise from an activity or event or as
reported by Kolluru et al.(1996) exposure is the process by which an organism comes
into contact with a hazard;
V expresses the vulnerability of the goods exposed (as it increases, the risk
increases);"The characteristics of a person or a group in terms of their capacity to
anticipate, cope with, resist and recover from the impact of a natural or man-made
disaster noting that vulnerability is made up of many political-institutional, economic
and socio-cultural factors" (IFRC, 1999) (Wolfensohn J. and D. Cherpitel, 2002).
This expression of risk is very broad both because it can refer to any type of hazard
and because for a certain type of hazard there is no single risk assessment. It can be
generalized by considering x the effects of natural phenomena on the site, whose
distribution is the function ϕ(x) which represents the probability of exceeding each
value of x within the reference period. It is therefore possible to define the functions F
(x) = 1 - ϕ(x) or p(x) = dF/dx which respectively represent the probability that x is not
exceeded or the probability density function. Since vulnerability represents the
expected damage on an entity (structure or population) induced by a phenomenon of a
given magnitude, it can be written as α = α(x). To evaluate the probability of failure
(df) associated with the risk probability x between x and x+dx can be written as (Figure
1.1a):
1.3
𝑑𝑓=𝑝𝐻FS𝑑𝑥
Where:
pH(x) the probability density function;
FS the probability of exceeding.
Similarly, from Figure 1.1b, the probability of failure (df) associated with the
probability of the strength x ranging between x and x+dx is:
1.4
𝑑𝑓=𝑝𝑆𝜙𝐻𝑑𝑥
Where:

𝑝𝑆 density function of distribution of the mechanical properties of the structure;
𝜙𝐻 the probability of exceedance.
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Figure 1.1 Functional forms of the hazard and structural strength probabilities: a) probability density
function pH(x) and probability of non-exceedance a level of structural strength FS (x) for a given value
of the magnitude x; b) probability of exceedance ϕH.(x) and probability density function of a structural
strength ps(x) for a given value of the magnitude x (modified after (UNDRO, 1979)).

The elementary specific risk associated with the probability of the entity of the
event between x and x + ds is:
𝑑𝑟
1.5
= 𝛼(𝑥)𝐹𝑠 𝑝𝐻 𝑑𝑥 = 𝛼(𝑥)𝛷𝐻 𝑝𝑠 𝑑𝑥
(𝑒𝑟)

where (er) are the elements at risk (all the other parameters are described
previously).
Considering the entire distribution of x, the specific risk is:
∞
∞
1.6
=
𝛼(𝑥)𝐹
(𝑥)𝑝
(𝑥)𝑑𝑥
=
𝛼(𝑥)𝑝𝑠 (𝑥)𝛷𝐻 (𝑥)𝑑𝑥
∫
∫
𝑠
𝐻
0
0
𝑒𝑟
In the last expressions, the first two terms under the sign of integration depend only
on the structures while the third only on the natural phenomenon. The first two terms,
therefore, define vulnerability when considering the randomness of the properties of
structures. This definition changes according to whether the hazard is introduced
through its probability of exceedance or its probability density. Although the complete
solution to the problem requires the randomness of the mechanical properties of the
structures and their vulnerability, the original UNDRO procedure needs some
simplifications. The first simplification consists in considering the randomness of the
strength of the structures and their vulnerability is negligible compared to the
variability of the hazard (Figure 1.2).
𝑟
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b)

a)

Figure 1.2 Sample vulnerability function α (x) in the hypothesis of structural strength as hazardindependent variable; b) probability density function of the magnitude xpH(x) (modified after (UNDRO,
1979)).

From the combination of the risk probability function and the vulnerability profile,
the elementary specific risk is due respectively to the probability of the quantity x
between x and x+dx and for the entire range of quantities is:
𝑑𝑟
1.7
= 𝛼(𝑥)𝑝𝐻 𝑑𝑥
(𝑒𝑟)
∞
𝑟
1.8
= ∫ 𝛼(𝑥)𝑝𝐻 (𝑥)𝑑𝑥
𝑒𝑟
0
Considering the particular values of α for x <x0 or x> x1
∞
𝑥
1.9
= ∫0 𝛼(𝑥)𝑝𝐻 (𝑥)𝑑𝑥=∫𝑥 𝑛 𝛼(𝑥)𝑝𝐻 (𝑥)𝑑𝑥 + 𝛷𝐻 (𝑥1 )
0
A further simplification is to replace the curve α (x) as a step function (Figure 1.3).
It can be noted that in this case, the expression of the specific risk takes the form:
𝑟
1.10
= ∑ 𝛥𝑗 𝛼𝛷𝑗
𝑒𝑟
𝑟

𝑒𝑟

𝑗

Figure 1.3 Simplification of vulnerability curve through step function (modified after (UNDRO, 1979)).

For a selected risk, the probability of exceeding ϕj is generally tabulated, or it is
assumed to be preliminarily characterized. This led the designers to take advantage of
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this framework as they only needed to calculate the Δjα from the table of values of α
like the one displayed in Figure 1.3 and perform the summation above.
Following the UNDRO Conference, from 1 January 1990, the International
Framework of Action for the International Decade for Natural Disaster Reduction
(IDNDR) initiated the Yokohama strategy with the aim of reducing loss of life, damage
to property, the social and economic hardships caused by "natural disasters", especially
in developing countries. This strategy identified gaps related to governance, risk
identification, assessment, monitoring and early warning, knowledge management and
education, reduction of underlying risk factors, preparation for effective response and
recovery. Starting from these shortcomings, the Hyogo action was then launched
(2005-2015) aimed at making countries aware of their primary role in the prevention
and reduction of the risk of disasters. This has pushed them towards international
cooperation policies and the development of regional strategies with the creation of
global and regional platforms for disasters. While in the past the protection of social
and economic development from external shocks was considered, now the goal is
growth and development planning to manage risks holistically; which means the
establishment of multidisciplinary approaches to promote sustainable economic and
social growth, protect environmental health conditions and strengthen resilience (i.e.
take proactive behaviours, ready to survive disasters and maintain economic
competitiveness) and stability. This gave rise to the Sendai Framework 2015-2030 plan
(UN General Assembly, 2015) which is aimed at strengthening risk governance by
developing risk prevention, mitigation and management activities, in order to reduce
the risk of catastrophes and loss of life, human resources, livelihoods and health, and
the economic, physical, social, cultural and environmental assets of people, businesses,
communities and countries.

1.1.1 Risk analysis
Therefore, starting from a mainly geotechnical risk definition, risk assessment
processes (or risk analysis) are being tested in various sectors.
The risk assessment consists of a set of activities that make it possible to identify
and quantify the risk, to then put in place the appropriate prevention and protection
measures, to activate all those activities measures of a technical, organizational and
procedural nature that make up the so-called process of "risk treatment" and more
generally "risk management".
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Figure 1.4 Flow chart adapted from (D.Lgs n°81, 2008).

In general, the process starts with the identification of risk factors and then estimates
the identified risks. To do this, probabilistic approaches can be used that evaluate both
the probability of occurrence (Pr) and the magnitude of the damage (M).
These approaches can be grouped into two macro-categories:
- quantitative or semi-quantitative approach;
- qualitative approach.
The first is based on the use of mathematical models, which use inferential
statistical methods; it is used in specific contexts, where the analysis of safety
standards must be very precise and accurate. Quantitative analyses provide a more
objective understanding; however, their effectiveness is fundamentally based on the
quality of the information available, which is the number and accuracy of the data,
which represent various possible situations.
Whenever possible, a quantitative approach should be preferred to be more
objective and examine the system in more detail, but supplementation with qualitative
analysis should be considered. An appropriate combination to sum the advantage of
both approaches becomes crucial when not all factors can be parameterized.
While the qualitative approach is also called "subjective" as it is based on the
"expert judgment" of the risk analyst, whose level of competence and the quality of
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the data acquired in the preliminary phase must be reliable. Qualitative methods offer
analysis without detailed information, are performed with intuitive and subjective
processes and can lead to different results/conclusions depending on who uses them.
Although suspected of leading to subjective conclusions, they offer the possibility of
considering factors that are difficult to quantify, such as those related to human
behavior, and sometimes lead to an adequate risk assessment. There are several
theories that allow you to transform qualitative into quantitative assessment (e.g.,
probability of imprecise interval, possibility and theories of evidence), an overview is
provided by Tesfamariam and Goda (2013).
In qualitative estimation, the definition of scales is used, in which both the
probability and magnitude of graduation are explicitly defined.
Table 1.1Qualitative estimation scale relationship between probability and damage.

Likelihood

Magnitude

Very low

Negligible

Medium low

Moderate

Medium high

Remarkable

High

Huge

Based on this estimate, the analyst identifies three classes of risk: HIGH RISK,
MEDIUM RISK, LOW RISK which determine different levels and priorities of
intervention.
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Table 1.2 Levels and Priorities of intervention definitions.

Once the probability and magnitude have been estimated, graphical representations
have used that highlight the assessment carried out for each risk. Among the most used
is the "risk matrix" which is obtained by plotting in a Cartesian graph, the probability
scale in the ordinate and the magnitude scale in the abscissa.

Figure 1.5 Risk matrix

The next step is the "risk weighting" phase which serves to determine whether the
risk is acceptable and to what extent. That is, it is necessary to establish for each risk
its limit of acceptability, beyond which it must be reduced with prevention and
protection measures. The acceptability of the risk depends on several factors, including
the phenomenon (whether or not controllable), the type and nature of the
consequences, the short and long-term effects, the benefits obtained, the preparedness
for natural hazards and the influence of individual and total risk. The definition of
acceptability limits depends on legal constraints, rather than on technical standards or
improvement practices. Therefore it is required that, in order to satisfy the safety
conditions, the measured risk is to a lesser extent equal to the acceptable one.
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Therefore, once the pre-mitigation risk R0 has been assessed, a benefit-cost analysis
must be carried out to assess the suitability of the mitigation. In general terms, it can
include risk reduction (active mitigation), vulnerability reduction (passive mitigation)
or both options (active and passive mitigation). Regardless of the type, assuming a
mitigation cost equal to Ud, the residual risk R'd can be calculated:
1.11
𝑅𝑑′ = 𝐻 ′ ∗ 𝑉 ′ ∗ 𝐸 ′ + 𝑈𝑑
Where: H', V' and E' represent the new terms of Hazard, Vulnerability and Exposure
respectively after mitigation. Starting from the same risk level R0, there are two
different scenarios:
- R'd <R0 there is a convenient situation that justifies the adoption of countermeasures;
- R'd>R0 a situation of non-economic convenience emerges. While effective
countermeasures reduce hazard or vulnerability, their cost has resulted in a residual
risk greater than pre-mitigation.
At the end of this phase, a risk map is obtained which highlights the unacceptable
risks that must be reduced by adopting measures that will be programmed and planned
with a prioritization process. The general criterion is based on the entity of the risk,
i.e. the higher the estimated risk level, the higher the priority of intervention.
So the priority is divided into three categories:
- High Priority: urgent interventions to be implemented in the short term, for
unacceptable risk situations according to previous regulations.
- Medium Priority: interventions to be implemented in the medium term, for risk
situations to be reduced to acceptable values within the terms set by the regulations.
- Low Priority: interventions to be implemented in the long term for situations of
acceptable risk, but aimed at the continuous improvement of safety (further
reduction of the risk).
The last phase of risk management is the monitoring or the periodic process of
control and measurement of the risk parameters, review and weighting of new and/or
modified risks following the changes made to the environments.

1.2 Road safety risk
The risk arising from the evaluation of the protection and prevention measures to
be adopted in the event of natural disasters can actually be applied in various fields.
Precisely from the understanding and application of risk estimation techniques it is
possible to evaluate road safety. The main task in the road safety audit is to identify
the elements of hazard that could cause death or injury. Therefore road risk is usually
implicitly linked to accidents (the severity and frequency of which must be defined).
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These, in fact, represent a problem of absolute priority for public health since in
addition to the loss of human life they generate enormous social and human costs, to
which are added high economic costs, which make the issue of road safety a topic of
enormous importance for the prevention departments and health systems of all
countries. There is talk of a social scourge that causes almost 10 deaths and about 700
people with injuries every day.
The causes can be attributed to numerous risk factors:
- related to the person or health conditions, age, the intake of compromising drugs,
-

-

attention, balance and reflexes.
lifestyles that involve the consumption of alcohol and psycho-altering substances, and incorrect driving behaviour (use of cell phones, inattention,
excessive speed, failure to use protection systems).
safety of roads and vehicles.
social: the poor socio-economic conditions have less access to training and
information resources on prevention measures and more generally to the
acquisition of a culture of safety on the roads.

To obtain a good reduction in the number and severity of road accidents, a program
of prevention interventions is required that considers the multiple factors that underlie
a certain type of accident and that simultaneously weigh on the risk. Below is an
outline of the macro-objectives aimed at preventing road accidents and reducing their
severity.
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Table 1.3 Macro-objectives aimed at preventing road accidents and reducing their severity.

Globally, the World Health Organization (WHO) through the World report on road
traffic injury prevention (Peden M, 2004) encourages countries to plan a multisectoral
strategy for road safety, which takes into consideration the needs of each one by
implementing specific intervention projects.
In Europe, therefore, the European Commission has promoted a road safety
program which identifies some areas of intervention such as: encouraging road users
to behave more responsibly, making vehicles safer thanks to technological
innovations, improving road infrastructures through information and communication
technologies, collect and analyse data relating to physical injuries due to road
accidents.
In Italy, according to Istat estimates, since 2007 there has been an average reduction
in accidents with injured people of about 3% every year (ISTAT, 2018). This
reduction is explained by the fact that users have begun to use alternative means of
transport to private vehicles.
It has been understood that, in order to reduce the risk of an accident and know the
result that can be obtained in terms of safety, it is necessary to go beyond simple
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compliance with the Highway Code or awareness of potential damage. It is essential
to focus on techniques and tools for forecasting events on the road. Therefore, by
systematically analyzing the information of "near miss" accident situations, it is
possible to implement the related corrective actions.
Some researchers who have dealt with the evaluation of road safety (Hadden W.,
1980; Koornstra M.J., 1992) have defined the risk as:
Risk = Exposure * Hazard * Vulnerability

1.12

Where:
Exposure: quantifies the exposure of road users to potential road hazards;
Hazard: quantifies the possibility that a vehicle or user is involved in a collision;
Vulnerability: quantifies the severity level resulting from potential collisions.
It can therefore be observed that, with respect to the risk defined previously for
natural phenomena, there is an inversion of the terms, but the assessment procedure
remains the same.
Basing on this approach a conceptual framework has been proposed to evaluate the
road safety risk for vulnerable user, namely pedestrian. The risk thus defined is
therefore a function of multiple variables whose correlations are outlined in the
following flow chart (Figure 1.6).

Figure 1.6 Summary scheme of the procedure.

Therefore, once the global risk has been quantified, it is possible to arrange
interventions that will improve exposure, vehicle speed and site conditions.
In order to being assessing the risk of having an accident in the study area, it is
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necessary to know the history of accidents and their characteristics, in order to bring
them back to a typical scenario (Figure 1.8, Figure 1.9).

Figure 1.7 Possible accident scenarios

Figure 1.8 illustration of typical cases of auto accidents with bicycle- vehicle.

Figure 1.9 Possible pedestrian-vehicle impact configuration

Once the accident scene has been identified, the three key parameters of the risk
begin to be assessed. In this chapter the parameters are only partially described, please
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refer to the following chapters for a detailed analysis.

1.2.1 Exposure
To identify the factors that best predict where and when accidents are likely to
occur, exposure needs to be assessed. This is understood as the assessment of potential
arrests under sudden conditions. When it comes to exposure, both vehicular and
pedestrian flows are involved. The first requires knowledge of the traffic in transit on
the section of the road network to be analysed; this can be obtained from survey-based
models or from simplified or forecast models. While for the estimation of cyclepedestrian flows, there are no consolidated models, therefore direct (based on socioeconomic and demographic variables) or forecast models (configurational or fourstage, similar to vehicular ones) are used.
Vehicular flows exposure
One of the factors that influence the exposure linked to vehicular flows is the speed
held by the vehicles, which in turn is a function of both the characteristics of the site
and the flows themselves.

Figure 1.10 Vehicular flow in urban areas.

Figure 1.11 Vehicular flow in rural areas.

Many studies link road safety to speed, but the relationships between risk (in-tended
for example as the number of deaths on the road per distance travelled) and speed are
almost absent.
The underlying problem is the lack of data collected or their poor quality, i.e. in the
databases or in the reports of the law enforcement agencies there is an underestimation
of the reports of accidents according to the severity, the number of victims, the number
of vehicles involved, location, etc. This indicates that the relationship between speed
and risk of collision is based on the number of collisions observed with serious injuries
and in strategic locations, but little or nothing is known about accidents with minor
injuries or localized in little-known areas, so the problem is underestimated. To
overcome the problem of localization relating to areas that are neither urban nor rural,
an alternative method could be to consider the real speeds recorded on a road section
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by extrapolating them from the black boxes mounted on cars (the Floating Car Data,
FCD) (D’Apuzzo M. et al.,2021). Once these data have been obtained, it is possible to
evaluate the speeds also in areas other than urban or rural, or for transition areas.
This area represents the space of passage between a rural to an urban area in which,
however, the user is still unable to realize the passage and therefore may not adopt a
suitable speed. Formally, the transition between the rural and the urban environment
is highlighted by warning signs that are displayed at the entrance to urban areas. Often
these signs are associated with specific urban speed limits. However, it must be
recognized that "official" administrative boundaries do not always express the real
boundary between the urban environment and the surrounding areas.
Therefore it is possible to apply a generalized predictive model that starts from the
re-calibration and readjustment of the literature models.
Pedestrian and cycling flow
The estimation of the exposure of pedestrian flows can be approached starting from
the use of configurational methodological tools (D’Apuzzo M. et al., 2020) which will
then be enriched with “demand-driven” models (four-stage) which will also allow
obtaining estimates of the cycle flow.

Figure 1.13 Cycle flow

Figure 1.12 Pedestrian flow

The configurational analysis considers only the connectivity of the network, so the
more this is connected, the greater the connectivity of the sections. This exemplified
approach has been enriched by integrating the analysis with behavioral models
deriving from the transport analysis. The results of the hybrid approach obtained can
then be correlated to the pedestrians observed on the network in order to understand
the goodness of the estimate.
In order to improve the estimation of pedestrian flows and to evaluate cycling flows,
the hybrid configurational model can be enriched using the four-stage model (similar
to vehicular) starting from literature models. This allows to obtain an estimate of the
flows and distribute them on the network so as to be able to understand where it is
necessary to intervene to redevelop the area.
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1.2.2 Hazard
Whenever the user enters a road, he is exposed to accept the hazard and therefore
the risk of being injured. In order to evaluate the hazard it is necessary to understand
if the user correctly perceives the environment crossed, this requires an analysis of the
site.
So first of all, it must be understood in what administrative environment you are,
then let's talk about urban or rural context. The urban area is that set of buildings,
delimited along the access roads by the appropriate start and end signs (Ministero delle
infrastrutture e dei trasporti, 1992). In which the set of buildings includes a continuous
grouping, albeit interspersed with streets, squares, gardens or the like, consisting of no
less than twenty-five buildings and areas of public use with vehicular or pedestrian
accesses on the street. Anything that does not fit this definition is rural. It should be
emphasized that the boundaries between the two areas are never clearly defined;
however, formally, in most Western countries, urban limits or "administrative
boundaries" are identified with vertical entry warning signs usually associated with
speed limits.

Figure 1.14 Street in urban area

Figure 1.15 Street in rural area

Figure 1.17 Rural border
Figure 1.16 Urban border

Depending on the context, there is a greater chance of coming into conflict with
other users, therefore it is necessary to take into account the presence of local
attractions, such as schools, hospitals, shopping centers or any other activity that may
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generate greater crowding.
In addition to other users, further sources of hazard are linked to the presence of
obstacles on the route which are often not correctly displayed due to poor visibility
conditions. Visibility is defined as the minimum stopping distance, this depends on
many factors such as speed, the conditions of the road surface (the type of road surface,
maintenance status, etc.), the condition and pressure of the tires, the characteristics and
condition of the vehicle's braking system, the weather conditions as well as the
geometric characteristics of the site (considering the road as the sum of straights and
curves, number of lanes, longitudinal and trans-verse slope, etc.).

1.2.3 Vulnerability
To assess the risk, vulnerability remains to be defined. This is the probability,
conditioned by the type of accident, that a vulnerable user suffers damage (injured or
dead) or that the driver suffers damage (uninjured, injured or deceased).
In addition to a security point of view, vulnerability is seen as a problem of reduced
accessibility that occurs for various reasons. In general, accessibility is understood as
"ease of access", or the opportunity provided by the transport system for users to carry
out an activity (Jones S., 1981). Improving accessibility means increasing the number
of routes or the quantity of services considering low costs.
Estimating vulnerability means studying all those events, of a more or less sudden
and/or unpredictable nature, which cause circulation problems. These events depend
on adverse weather conditions, rather than physical breakdowns or road accidents, or
planned road works, etc. Depending on the event and the category, there is a variation
in terms of frequency, predictability, geographical extension, etc.
To achieve a reduction in vulnerability it is necessary to limit the risks involved in
various incidents; this implies the need to identify a spectrum of accidents, collect data
on the probabilities and consequences of these, having done this it will be possible to
establish experiments to identify acceptability values, as well as investigate and
evaluate the effects of possible mitigation measures and strategies for improvement.
Numerous relationships are reported in the literature that considers the links between stress characteristics, kinematic or mechanical magnitudes of the impact of the
occupants, but there are still few of them regarding vulnerable users. The basic
problem is that the existing ones are based on simulations with corpses or with limited
data-sets in terms of location, severity and number of accidents, necessary for the
calibration and validation of the models.
Hence the need to create a virtual laboratory that through multibody numerical
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simulations, as the position (front, side), age, weight and height of the pedestrian,
vehicle fronts and travel speed vary, allows obtaining objective kinematic parameters
(acceleration, speed, etc.) or mechanical (moments, shear, normal stresses, etc.) with
which to enrich the vulnerability functions.
In the preliminary phase, studies are being carried out on injuries on parts of the
body with a high probability of death, using the scale based on damage, disability and
social cost; in this, the long-term consequences and the influence that the injuries have
on the patient's quality of life are assessed. Damage criteria were then used to estimate
the severity of damage to the head, chest and spinal cord. Then the data obtained from
our model in terms of ISS were compared with those obtained from vulnerability
models present in the literature to verify the veracity of the results.
It has been highlighted that in collisions between vehicle and pedestrian there is
different kinematics according to the impact speed, the pedestrian position, the
different height and length of the bumper and the angle of inclination of the bonnet;
this means that the pedestrian impacts the various regions of the human body (eg head
and thorax) in a different way also based on his build.
The use of numerical simulation allows taking into account numerous variables,
compared to canonical vulnerability models, which allows for more realistic outcomes.

1.3 Conclusion
Despite the large number of deaths and injuries due to road accidents, there is still
no clear regulation according to which the safety assessment for vulnerable users is
reported. The goal of this study is to identify a procedure for estimating the main risk
factors starting from microscopic analyzes. The results of these analyzes can then be
integrated at a macroscopic level to define and predict safety performance as well as
predict the probability of collision.
Starting from the traffic and cycling-pedestrian data, from the accident data and
from the speed estimates, it is possible to identify blackspots i.e those points or section
of the road network that present anomalous concentrations of accidents. Once the risk
of each road section has been identified, it is necessary, before implementing the
proposed interventions, to evaluate the benefits that these would bring and the
respective costs. Until now, road safety analysts have relied on personal experience in
order to make reliable forecasts, thus working subjectively; to avoid this, analysis
methodologies have been developed that take into account the correlations between
“cause” (man-road-environment) and “effect” (occurrence of the accident). These
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methodologies, typical of the engineering field, try to identify links of an empirical
nature between the occurrence of the generic accident and the multiplicity of factors
that make up the road environment, to the point of proposing mathematical models for
forecasting purposes. In the Italian context, such models do not yet exist, so it is
intended to apply macroscopic models calibrated in the international scientific
literature (cf. Highway Safety Manual recently released in United States) to transpose
them to Italian context and calibrate corresponding Safety Performance Functions
(SPFs). These latter mathematical tools, based on statistical analysis, evaluate the
impact in terms of the number of accidents, as a function of the characteristics of the
site and of the exposure. SPFs, refer to basic conditions but can be applied to different
study conditions with the use of accident modification factors (Crash Modification
Factor - CMF) that take into account specific local site-conditions.
Once the procedure will be developed and applied, it will be possible to evaluate,
depending on the characteristics of the site and the type of risks present in the area, the
countermeasures to be adopted to increase safety.
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CHAPTER 2. VEHICULAR FLOWS
EXPOSURE
To analyze or plan interventions for the safety of transport systems, it is necessary
to estimate the demand of users, to know the variations and exposure. To estimate the
current demand, it is possible to carry out surveys on a sample of users and from these,
using the techniques of inferential statistics, direct estimates of the demand are
obtained. While models are used to estimate demand (current or future). In the
literature, there are several models with different complexities depending on the
examined area and the resources available for the estimation. These models can
generally be divided into: deterministic or stochastic, static or dynamic, macroscopic
(aggregate) or microscopic (disaggregated), analytical models and simulation models.
The combination of transport demand forecasting models at the macro level (e.g.,
regional or national), are typically based on variants of four-stage planning models,
with microscopic or mesoscopic traffic simulation approaches.
The use of a single variable or multiple variables in the model specification results
in univariate and multivariate forecasting models, respectively.
So the common element is that they all allow to define the number of trips made by
an area, the destination of these trips, the travel modes used and the chosen path.
After evaluating the flows and their variations in time, by imposing the
characteristics of the infrastructure, it is possible to estimate the travel speed.
There has been a remarkable debate on the relationship between road safety and
vehicle speed in the last seventy years and a huge amount of studies has been carried
out to investigate intimate connections between accidents and vehicle speed (Elvik et
al., 2009). Speed-accident relationship developed by several authors have been often
used as a scientific basis to implement speed limit policies, however, to a more careful
examination, the connection between speed and safety is not obvious as it can appear,
especially if the relationship between average flow speed and accident risk is
concerned (Hauer, 2009). An updated meta-analysis of the scientific studies on this
issue confirmed even a stronger relationship, in terms of exponential or power model,
between road accidents and the traffic speed (Elvik et al., 2019).
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The objective of this research is the development of a generalized model to estimate
the speed sustained by vehicles in urban, rural areas and in the transition zone between
them, with the final aim of providing a tool that can simulate travel speed in a more
realistic manner. The data used in the analysis have been derived from Floating Car
Data (FCD) that allow to know, for each probe vehicle, speed and position at a specific
time with high sampling frequency thus reconstructing the main characteristics of
traffic on a road network such as data on travel time, speed, route. The filtered speed
data were compared with the estimated speed obtained with the use of models already
present in the literature and conveniently selected for the different contexts analyzed.
In particular, the model has been developed in order to describe the speeds adopted
by users in the transition areas.
As a matter of fact, although not foreseen in Italian Highway Design Standards,
these peculiar road sections are very common in the Italian road network environment
since they represent the results of a stratification of urban and transportation planning
that has been often regulated in a confused and disorganized manner in the past seventy
years.
Following the above-mentioned premises, a calibration of the used models was
carried out, with the aim to provide an adequate tool for estimating the speeds in each
context area.

2.1 Literature review
The present study considers the factors influencing the speed of drivers, both in free
flow and congested conditions on urban and rural and suburban roads. As previously
mentioned, speed prediction has always been considered as the “Holy Grail” of the
research in road safety as it affects most of methodologies currently adopted in
highway design. On the other hand, it has to be reminded that vehicle speed is of
paramount importance for the evaluation of road network performance, as it affects
travel time. Following these premises, past research has tackled the problem under two
main point of view:
1. “Spot” speed in free flow conditions, on which Time Mean Speed (TMS) can
be evaluated by means of simple arithmetic mean of the instantaneous speed
derived from cross-sectional measurements within a defined observation time;
1

Vt=𝑛 ∑𝑛𝑖=1 𝑉𝑖

2.1

Where:
Vt= time mean speed;
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Vi= spot speed of ith vehicle
n= the number of observations
2. “Running” speed under traffic, which is based on Space Mean Speed (SMS)
concept;
Vs=

𝑛

2.2

1
∑𝑛
𝑖=1𝑉
𝑖

Where:
Vs= space mean speed;
Vi= spot speed of ith vehicle
n= the number of observations
The rationale to understand these two fundamental approaches is based on the
difference between the time mean speed and the space mean speed where the former
comes from cross-sectional speed measurements, and it can be defined as the simple
arithmetic mean of the instantaneous speed of vehicles traversing a specific line within
a defined observation period whereas the latter is derived from measurements carried
out on a specific road section and, among the several definitions available, it can be
evaluated as the ratio between the examined road section length and the average travel
time (Ajay et al., 2001).
If the speed of the vehicles is constant (plausible assumption if the length of the
road section is sufficiently short) the space mean speed can be evaluated as the
harmonic mean of spot speeds. As a matter of fact, since harmonic and arithmetic
averages are evaluated on the same dataset, it is possible to mathematically
demonstrate that the space and time mean speeds are analytically related and then it is
possible to estimate the time mean speed starting from the space mean speed,
exploiting a mathematical correlation (being such quantities linked by corresponding
standard deviations) (Wardrop, 1952). The estimated space mean speed values have
been converted in equivalent mean time values by making use of the following
experimental relationship as a function of Average Travel Speed, ATS, reported in
HCM2000 (Wachs et al., 2000):

Vmt=

3.042+𝐴𝑇𝑆

2.3

1.026

To determine the allocation of new resources or to improve the transport system,
and therefore the quality of service provided to drivers, speed prediction models are
used according to the two different traffic scenarios previously mentioned.
It is believed that free-flow conditions are more often reached in the rural
environment and, therefore, most TMS prediction models are based on road alignment
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characteristics. First studies explored the influence of horizontal curves on speed and
early relationships based on vehicle cornering stability and skidding have been
proposed (Hassan et al., 2011) (AASHTO, 2004).
Later on, experimental statistical distributions of spot speeds have been derived and
the concept of operating speed, V85, has been introduced, which is defined as the
speed below which 85% of the drivers (cars only) travel on a particular element of the
road layout. Furthermore, additional independent variables such as posted speeds,
cross-section features have been proposed (Hassan et al., 2011).
As far as the conditions under traffic are concerned, pioneering works by B.D.
Greenshields (1935) shed light on relationships between SMS, flow rate, and vehicle
density that were further used as a basis for the evaluation of Level of Service (LoS)
of road infrastructures (Wachs et al., 2000), on the one hand, and for the development
of road link cost functions (Cascetta, 2009) (Pinna et al., 2018), on the other.

2.1.1 Free flow conditions (or isolated vehicle)
Relationships between road alignment characteristics and speed chosen by drivers
have been the subject of a huge amount of research in road safety for the past eighty
years, and exhaustive critical analysis is beyond the scope of the present paper.
Nevertheless, it is worth to be highlighted that, as previously stated, the main interest
has focused on spot speed collected in a rural environment, especially on two-lane
rural highways. First attempts have acknowledged that horizontal curves are the most
significant road geometric elements able to affect the speed actuated by drivers and
therefore early relationships have been proposed based on physical principles related
to vehicle cornering stability against skidding that are still used in several Road
Geometric Standards worldwide (Hassan et al., 2011) (AASHTO, 2004).
Later on, experimental distributions of spot speed have been derived and the
concept of operating speed has been subsequently introduced, since it has been
considered in the literature as a speed descriptor more representative of the effective
behaviour of the road user.
Conventionally, the operating speed is defined as the speed below which 85% of
the drivers (cars only) travel on a particular element of the road layout under conditions
of free flow, dry road, daylight and good weather conditions, it is universally termed
as V85 and its use is fundamental in the evaluation of highway design consistency.
It has been recognised that driver speed choice on two-lane rural highways is highly
correlated to the geometric road features such as the Radius of circular curves, the
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Curvature Change Rate (CCR), the speed on preceding/subsequent tangents and of
road section layout characteristic, the “environmental speed” and speed rules.
In detail, some models in the literature investigate the relationship between
operating speed and imposed speed limit (Dixon et al., 1999) (Ali et al., 2007), other
relationships see the characteristics of the road section as independent variables (Tarris
et al., 1996) (Capaldo et al., 1998) (IAPSIS, 2001) (Bakaba, 2003) (Poe and Mason,
2000) and other models still highlight that the operating speed and the recorded
velocity are correlated (Fitzpatrick et al., 2003). Further models link the project speed
with the 85th percentile operating speed (Fitzpatrick et al., 1997) (Wang et al., 2006).
In the following Table 2.1, a synoptic figure of the relevant prediction models is
reported.
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Table 2.1 Review of spot speed prediction models (taken from D’Apuzzo, Santilli, et al., 2021)

61

Chapter 2

VEHICULAR FLOWS EXPOSURE

62

Chapter 2

VEHICULAR FLOWS EXPOSURE

2.1.2 Conditions under traffic
The study of the influence of the traffic flow on space mean speed originated in the
1930s with the pioneer Bruce D. Greenshields (1935) and then developed after the
Second World War, with the huge increase in cars and the expansion of the road
system, until reaching in our day (Kuhne, 2008).
Since the efforts have been mainly devoted in deriving road link cost functions that
are relevant in the development of transportation system supply and travel demand
models, several independent variables other than flow itself have been proposed
regarding the road link characteristics and in a more generalized manner in the road
environment in which road users move. Indeed, the generalized transport cost
associated with a road trip can be evaluated by summing all the costs born by travelling
along the different road link in which the trip can be decomposed. For each road link
the generalized transport cost is a function of the travel time along the road section
(that, in turn, is related to the running speed), of the waiting time (e.g., at the final
junction, at the toll, etc.) and of the monetary cost (Cartenì and Punzo, 2007)
(Wardrop, 1952).
On the other hand, it has to be reminded that Level of Service Evaluation procedures
in uninterrupted flow conditions are based on Space Mean Speed (namely Average
Travel Speed) versus flow relationships and therefore even in a rural environment and
for different kind of road layout prediction models under traffic have been developed
(Hassan et al., 2011).
Several models have been proposed in order to estimate the space mean speed (in
terms of running speed or average travel speed) according to the characteristics of the
study area and the flows and some of the most recent and relevant ones are reported in
the following Table 2.2.
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Table 2.2 Review of running speed/average travel speed prediction models (taken from D’Apuzzo,
Santilli, et al., 2021)
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It has to be underlined that almost all the prediction models proposed are empirical
and therefore, they have been derived by a statistical analysis of experimental data.
This implies some important constraints regarding (Hassan et al., 2011):
• statistical significance, insofar most of them have been developed on an insufficient
amount of test sites or following a poor experimental design;
• model transferability, since results obtained following an experimental campaign
carried out on a specific country/state cannot be consistent with those derived from
another country/state.
As far as the former issue is concerned, the recent availability of Floating Car Data
(FCD) in Italy has widened the landscape of the possibilities in collecting traffic
information.

2.2 Driver behaviour in transition urban-rural area
In road design, there is a clear distinction between urban and rural area, and this
implies different criteria and procedures to be adopted in the International Design
Standards. Formally, the transition between the rural and the urban environment is
highlighted by means of warning signals that are exposed at the entrance of urban
areas. Often these signals are coupled with specific urban speed limits.
However, it has to be acknowledged that “official” administrative limits not always
express the real boundary between the urban environment and its surrounding areas.
The problem can also be ascribed to the fact that urban development worldwide has
historically followed an irregular and somehow uncontrolled spatial pattern with a
gradual urban density decreasing when leaving the urban centre irrespective of the
presence of warning signs. This can also be due to the fact that urban limits are often
defined by local municipalities according to an approach that is, sometimes,
inconsistent with road network planning criteria. Furthermore, while in town planning
the suburban area is somehow a more consolidated concept, in road design there is still
a lack of knowledge and of Standards to deal with these critical areas (AASHTO,
2004).
Given these premises, there is a need to investigate driver behaviour in these areas,
provided that extensive speed data are made available.
Most of the reviewed models are empirical and this implies some important
constraints regarding (Hassan et al., 2011): model transferability (the results are site-
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dependent) and statistical significance (low sample size).
On the other side, since the 2000s, massive use of combined GPS car tracking onboard units, formerly known as “Black Boxes” (BB), have been increasingly spreading
in Europe. Kinematic and position vehicle data, namely Floating Car Data (FCD), are
remotely acquired, allowing for profiling road user behaviour.
Given the usual traffic speed values experienced in rural (50-100 Km/h) and urban
(20-60 Km/h) areas, with such low sampling frequency, a single spot speed value is
acquired each 0,5 Km and each 1 Km, on average, in urban and rural areas respectively.
This makes this data practically useless, as far as the reconstruction of a single vehicle
speed profile is concerned.
However, the huge amount of FCD nowadays available allows, on the contrary, to
evaluate the spatial variation of spot speeds along the road alignment with a very high
density. In this connection, speed data derived from FCD have been averaged on 100
m long sections and have been evaluated and positioned with respect to the urban/rural
administrative border. In such a way, it became possible to derive a speed profile as a
function of travelled distance in terms of average values.
In the following figure (Figure 2.1 a) a typical outcome of this analysis procedure
is presented within a Geographic Information System (GIS) environment, whereas in
the Figure 2.1b speed profiles for some of the investigated sites, have been
conveniently reported.

a)

b)

Figure 2.1 a) Spot speed values derived from the georeferenced FCD along a selected road alignment
presented in a GIS platform. b) diagram describing the speed data, aggregated on a 100 m long section
basis and depicted as a function of travelled distance from the administrative urban/rural border with
corresponding confidence levels thresholds.

The large dataset of speed and position of vehicles has been recently used to seek
the opportunity of calibrating and validating data-driven short-term traffic prediction
methods in urban areas also by means of a machine learning approach able to catch
the time-space correlation underlying the stochastic process of traffic dynamics and to
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provide very short-term prediction within traffic control systems (Fusco et al., 2015)
(Fusco et al., 2016), although a better accuracy can be obtained by a mixed “regime
based” approach (Fusco et al., 2017).
However, it has to be underlined that the geometrical and functional road
characteristics are implicitly embedded in the machine learning model architecture, so
that the speed prediction models based on soft computing techniques appear as “black
box” with respect to the road characteristics. It follows that they cannot help engineers
in the safety design/retrofitting stage because of the lack of an explicit relationship
with the physical influencing factors such as the road or site layout.
On the other hand, the huge amount of FCD data made recently available lays the
foundations for the development of more refined speed forecasting models.
In this connection, the objective of this research is to propose a methodology aimed
at developing a generalised model for estimating more realistic vehicle speed values
in urban, rural, and transition areas. Such speed prediction models can represent a
useful tool in the design of engineered road safety countermeasures due to the
aforementioned strong connection between traffic speed and road accidents.
With the aim to reconstruct the main characteristics of traffic on a road network,
the FCDs, which, for each probe vehicle, provide speed and position with high spatial
sampling and acceptable sampling frequency, have been used. The methodology of
data analysis and the obtained preliminary results are detailed in the followings.

2.3 Proposed method for the speed evaluation
The basic idea is that road user travelling from a rural area cannot immediately
realise that is entering in an urban area with different speed rules since the presence of
a “blurred” road environment (Girling et al., 1994) and poor or absent road sign may
affect his speed choice. Therefore, he makes some time (and thus some travelled
distance) in order to adapt the speed to the different environment. In this preliminary
study, a “mirrored” road user behaviour is assumed when he is leaving an urban area.
Although the transition between the rural and urban environment is not always clear
to the driver and some other factors such as road layout and building density close to
the street may affect driver speed, some significant evidence of the postulated
behaviour has been provided by analysing the spatial distribution of vehicle speed
derived by FCD.
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Following these premises, the time mean speed on specific road cross-section
falling in this “transition” area can be evaluated as a linear combination of urban and
rural spot speed estimates following a linearly decreasing trend.
Furthermore, the methodology that has been proposed in order to evaluate the vehicle
speed in transition areas is based on the following constraints and assumptions:
• the model applies only for two-lane rural/urban roads;
• time mean speed (only for passenger cars) chosen as dependent speed descriptor;
• well-known travel speed and road link cost function have been used to evaluate
space mean speed for rural and urban areas; in detail, for the urban area, the
formulation proposed by Cartenì and Punzo (2007) has been selected; instead, for
the rural area the Highway Capacity Manual 2000 (Wachs et al., 2000)
• provided that the length of the examined road section is relatively small, time mean
speed and space mean speed can be derived from the same speed dataset as the
arithmetic and the harmonic mean respectively; therefore, there is a theoretical
relationship (that has also been experimentally validated (Wachs et al., 2000)) that
can be exploited to express time mean speed, Vtm, as a function of the space mean
speed or Average Travel Speed, ATS;
• a buffer area of an overall 1 km long centred in the examined road cross-section has
been considered for space mean speed evaluation, to take into account the road
environment (road layout, width, adjacent parking activities and land use, number
of accesses, etc.) as a relevant independent variable affecting driver’s speed
(Cartenì and Punzo, 2007) (Wachs et al., 2000) (Hassan et al., 2011) (Wardrop
,1952);
• since traffic flow cannot be directly inferred from FCD, flow values collected on an
hourly basis at the nearest traffic census station have been considered.
Based on these premises, the proposed prediction methodology has been developed
according to the following procedure:
1.
the road cross-section (station point) on which time-space mean speed is to be
evaluated, is selected and pertaining area type (rural or urban) is identified;
2.
the closest administrative border between rural and urban area is detected and
its distance, d, from the selected road cross-section is evaluated;
3.
FCD are extracted on a 1 km long road section centred in the selected station
point and conveniently analysed and filtered in order to expunge not relevant
data;
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FCD are aggregated on an hourly basis and the highest value usually reached
in the off-peak period is selected, in order to obtain the experimental free-flow
speed for each selected test site;
experimental free-flow speeds are converted into equivalent time mean speeds;
road section characteristics are collected on a 1 km long road section centred
in the selected station point and average values are derived;
space mean speed for the rural and urban areas are evaluated in free-flow
conditions according to the aforementioned well-known prediction models
reported in Eqs. (2.42.3)
estimated free-flow speeds are converted into equivalent time mean speeds by
means of Eq. (2.5);
the time mean speed estimate for transition area is evaluated as a linear

combination of previously estimated rural and urban speed values according to
a transition length, L*, that is derived by means of least square optimisation
procedure based on the comparison with experimental data derived from FCD
for all the examined tests.
Once that the calibration of the transition free-flow speed prediction model has been
completed, a subsequent calibration of the model under traffic can be undertaken:
10.
11.

12.
13.

experimental and estimated speed values are converted into equivalent time
mean speeds;
a comparison between the experimental speeds under traffic derived from FCD
data and the estimates provided by the generalised transition model is carried
out;
if the scattering is high, thus providing the evidence for a low correlation
between the two datasets, a refined calibration for each test site is carried out;
the calibration is obtained by means of least square optimisation procedure
based on the comparison with experimental data derived from FCD for each
test site by varying the value of the coefficient multiplying the flow term,

namely Kurb and Krur, for the urban and in the rural prediction model,
respectively;
14.
the statistical regression is tested in order to express the Kurb or Krur value as a
function of road characteristics related to independent parameters pertaining to
each selected test site.
The flow chart describing the overall procedure is depicted in Figure 2.2.
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Figure 2.2 Flowchart of the proposed methodology to develop generalised speed prediction models for
two way single carriageway road layouts in urban, rural and “transition” area

2.4 Results
FCD used in the research, although conveniently “masked” in order to minimize
road user’s privacy issues, collect several interesting information on vehicle trip with
a sampling frequency of one sample per second. Each record contains the following
data: ID number of vehicle, and black box, type of vehicle, spot speed and
corresponding direction, signal quality (depending on the number of visible satellites),
geographical coordinates, recording time. Obviously, not all the records are significant
for the study and therefore a post-processing of data needs to be carried out.
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FCD data have been collected on different candidate sites Italian road sections
located in rural and urban areas in central Italy. An overall amount of eleven test sites
has been selected pertaining urban, transition and rural areas, in central Italy. Criteria
for selection of the test sites were based on different traffic volumes and on mutual
distance higher than 10 km in order to obtain uncorrelated speed and traffic patterns
for each selected site. An overall amount of 111410 FCD records has been examined
and subsequently imported on GIS software and following a filtering process, data
have been aggregated on an hourly basis and averaged according to the specific
weekday.

2.4.1 Speed analysis in free-flow conditions
Since free-flow conditions cannot be directly inferred by FCD, isolated vehicle
speeds have been derived from off-peak period traffic scenarios for each selected test
site. Surprisingly, the maximum hourly averaged daily speeds were found similar to
the maximum averaged speeds in the night period (between 10.00 pm and 6.00 am on
weekdays) for each examined site.
Urban area
For the urban area, reference is made to the formulation proposed by Cartenì and
Punzo (2007) since it has been developed from a significant amount of experimental
data that has been also complemented by results provided by numerical simulations
carried out by means of a traffic microsimulation approach (Cartenì and Punzo, 2007).
𝑓
( 𝑖 )2
2.4
𝐿𝑢𝑖
𝑉𝑖 = 29.9 + 3.6𝐿𝑢𝑖 − 0.6𝑆𝑖 − 13.9𝑊𝑖 − 10.8𝐻𝑖 − 6.4𝐼𝑖 + 4.7𝑋𝑖 − 1.0 ∙ 𝐸 − 04

1+𝑊𝑖 +𝐻𝑖 +𝐼𝑖

Where:
Vi = mean travel speed of the i-th (1 km long) road section test site in km / h;
Lui = average useful width of the i-th (1 km long) road cross-section test site in m;
Si = average slope in % of the i-th (1 km long) road section test site in m;, not
negative;
Wi = dimensionless tortuosity of the i-th (1 km long) road section test site [0,1];
Hi = index of the disturbance caused to traffic by external factors (lateral entries,
irregular stops, pedestrian crossings, etc.) in values included in the interval [0,1]
Ii = fraction of the road section which has side parking;
Xi = a dummy variable equal to 1 if the i-th road section is paved, 0 otherwise;
fi = flow on the i-th (1 km long) road section test site, expressed in terms of
equivalent passenger car per hour (two-way flow).
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The model parameters have been evaluated according to the following rules:
• the useful width of the 1 km long road section is equal to the width of the entire
carriageway because isolated vehicles tend to use the whole available carriageway;
• the tortuosity and other site characteristics were evaluated with reference to a 1 km
long road section; in detail, the disturbance index is defined as the average of the
various indices that consider unauthorised access, intersections and stops.
The estimated space mean speed values have been converted in equivalent mean time
values by making use of the following experimental relationship reported in the Eq.2.3
The data obtained are conveniently reported in the Table 2.3.
Table 2.3 Input data for the assessment of free- flow time mean speed in urban areas

1
2
3
4a
4b
5
6
7a
7b
8
9

Lu
10,5
8,3
10,1
9,1
9,1
9,5
9,9
12,82
11,5
10
9,7

S
0
0
0
0,09
0,13
0,007
0,027
0,181
0,267
0,04
0,033

W
0
0
0
0
0,026
0
0
0,0731
0,0207
0,0387
0

H
0,7
0
0,4
0,1
0,8333
0,4
0,7
0,2333
0,2333
0,5333
0,4

I
0,001
0,0002
0
0
0,031
0,005
0,007
0
0
0,005
0,001

Xi
1
1
1
1
1
1
1
1
1
1
1

fi
0
0
0
0
0
0
0
0
0
0
0

Vₐ
64,83
64,48
66,64
66,23
57,72
64,44
62,62
77,11
73,03
64,25
65,17

Vmt
66,16
65,81
67,92
67,51
59,22
65,78
64
78,12
74,15
65,58
66,49

Vmeasured
82,619
71,000
92,000
84,333
57,286
69,778
57,555
81,963
75,518
66,112
57,823

Rural area
The average rural speed is calculated with reference to the Highway Capacity
Manual 2000 (Wachs et al., 2000). The expression used to evaluate the Average travel
speed is reported below:
𝐴𝑇𝑆=𝐹𝐹𝑆−0,0125·Vp
2.5
𝐹𝐹S=𝐵𝐹𝐹𝑆−𝑓𝑙𝑠−𝑓𝑎
2.6
Where:
ATS = Average Travel Speed [km/h];
FFS = Free-Flow-Speed [km/h];
BFFS = 100 km/h Base Free-Flow-Speed [km/h];
fls = coefficient that considers the width of the lanes and of the docks;
fa = coefficient that considers the presence of accesses;
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fnp= coefficient that considers overtaking prevented
Vp = Bidirectional flow rate.
Similarly to what has been carried out in the urban model, the parameters of the rural
model have been evaluated and free flow conditions in terms of space mean speed
estimates and the equivalent converted time mean speed values through Eq. 2.3 have
been derived. All the relevant data have been conveniently reported for each test site
(inserting vp and fnp equal to 0) in the Table 2.4.
Table 2.4 Input data for the assessment of free- flow time mean speed in rural areas

1
2
3
4a
4b
5
6
7a
7b
8
9

BFFS
100
100
110
100
95
100
100
93
91
95
100

fls
6,8
6,8
4,2
0,7
0,7
7,5
0
6,8
6,8
4,2
6,8

fa
15
3
14
5
26
32
34
5
6
18
28

Q fnp ambit border distance u/r
0 0
e
-4900
0 0
u
500
0 0
u
20
0 0
u
650
0 0
u
300
0 0
u
1000
0 0
u
1900
0 0
e
-2800
0 0
u
900
0 0
e
-500
0 0
u
1200

ATS
78,2
90,2
91,8
94,3
68,3
60,5
66
81,2
78,2
72,8
65,2

Vmt
79,18
90,88
92,44
94,88
69,53
61,93
67,29
82,11
79,18
73,92
66,51

V measured
82,62
71
92
84,33
57,29
69,78
57,56
81,96
75,52
66,11
57,82

Transition length concept
The basic idea is that road user traveling from a rural area cannot immediately realize
that is entering in a urban area with different speed rules since the presence of an
suburban road environment, on one hand, and poor or absent road sign may affect his
speed choice. Therefore, he makes some time (and thus some travelled distance) in
order to adapt speed to the different environment. In this preliminary study is also
assumed a “mirrored” road user behavior when he is leaving an urban area.
Following these premises, the time mean speed on specific road cross-section falling
in the suburban area can be evaluated as a linear combination of urban a rural spot
speed estimates following a linear decreasing trend depicted in the Figure 2.3, it the
position of the station point is known against the nearest administrative border and the
transition length defining the extension of the suburban area is known.
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Figure 2.3 The transition length concept.

Once the speed values in the transition area were evaluated, as described above, a
least square minimisation was used to derive the value of the transition length yielding
an optimal value of 704.01 m. This transition length value has been, therefore derived
from the overall amount of examined sites.

2.4.2 Speed analysis under traffic
The next step was to analyse the speed under congested conditions. Data relating to
working days, pre-holidays and holidays aggregated with reference to period from 6:00
am to 10:00 pm. Speed data were aggregated on hourly basis and averaged according
to the specific weekday. The data of the vehicular flow considered for the study were
obtained from the traffic census program carried out by Lazio Regional Highway
Agency in 2011.
Urban, Rural and combined transition area models that have been previously
calibrated in free-flow conditions, have been employed by taking into account flowrelated term according to the Eqs.(2.4-2.5). Preliminary results showed somehow
higher dispersion with a Pearson Coefficient equal to 0.4056.
For this reason, for each test site, a least-square optimisation has been performed
by re-arranging both models in the following forms:
V = 29.9 + 3.6𝐿𝑢 − 0.6S − 13.9W − 10.8H − 6.4I + 4.7X − 𝐊 𝒖𝒓𝒃 ∙ 𝑓
𝐴𝑇𝑆 = 𝐵𝐹𝐹𝑆 − 𝑓𝑙𝑠 − 𝑓𝑎 − 𝐊 𝒓𝒖𝒓 ∙ 𝑄

2.7
2.8

From the optimisation, an effective improvement in the accuracy of the speed
estimation has been reached. In particular, the dispersion has been reduced and the
Pearson coefficient has been improved, from 0.4056 to 0.9127.
In order to obtain a generalised prediction model, statistical dependency of Kurb and
Krur on the road section characteristics, namely the aforementioned average useful road
width (Lu), has been investigated and the result, from Ordinary Least-Square (OLS)
models, have been summarised in Figure 2.4.
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Figure 2.4 OLS relationships obtained for Kurb and Krur as a function of average useful road width of
the road cross-section, Lu.

As observed in Figure 2.4, the correlation coefficient for urban sites exhibits a fairly
lower value than for rural ones, probably due to the average useful road width as the
only explanatory variable in speed-flow gradient in the urban area. However, the
reduced amount of examined sites did not statistically allow to seek for a multivariate
relationship. Thus, the final re-arranged generalised time mean speed prediction
models can be expressed in the following form:
MSSurb = 29.9 + 3.6𝐿𝑢 − 0.6S − 13.9W − 10.8H − 6.4I + 4.7X − (𝟏𝟑. 𝟒𝟓𝟕𝐞−𝟎.𝟔𝟏𝟗∙Lu ) ∙
−𝟎.𝟕𝟏𝟒∙Lu

MSSrur = 𝐹𝐹𝑆 − (𝟒𝟏. 𝟖𝟒𝟔 𝐞
) ∙𝑄
MSStrans=[(MSSrur − MSSrur + MSSurb ) ∙ 𝑑]/𝐿∗

𝑓

2.9
2.10
2.11

Where, MSSurb, MSSrur, MSStrans are the Space mean speed in urban, rural and
transition area in Km/h, respectively, d is the distance from the rural/urban
administrative border and L* is the calibrated transition length (other variables have
been defined in the previous section).
Comparison between experimental data from FCD and speed estimates by Eqs.
(2.9-2.11) is reported in Figure 2.5b, thus showing a fairly good fitting and a satisfying
Pearson Correlation Coefficient equal to 0.89. For the sake of clarity, the former
dispersion with optimised flow-related coefficients has also been reported (Figure
2.5a).
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Figure 2.5 Comparison between the observed and estimated Time speed under congestion with
optimized coefficients (a) and through the generalized calibrated model (b).

2.5 Statistics
After the model was developed, the problem arose of evaluating the possible
correlations between the speeds (or the relative standard deviations) obtained from the
FCDs and those estimated with the site characteristics. To do this, statistical studies
were used. Statistics is often defined as the discipline that has the purpose of studying
a phenomenon and highlighting its essential aspects, possibly going back to the laws
that regulate it. This investigates collective phenomena, collecting information related
to them and then translating them into a numerical model that can be easily analyzed.
The first problem that arises in a statistical survey is the character, or rather the aspect,
of the phenomenon to be investigated. The second problem is to precisely identify the
population, which is the set of data to be investigated. As the last step, the analysis are
carried out using the data obtained.
Statistics can be divided into two categories: descriptive and inferential (Zedda,
2015). Descriptive statistics aims to describe the basic characteristics of the data
collected in a study; while the inferential one uses a model to understand a
phenomenon and provide any future predictions.

2.5.1 Descriptive statistics
In this work, descriptive statistics were used to describe and synthesize the sample
information of a numerical phenomenon of interest. This focuses on three main
aspects, each represented with summary indices (arithmetic mean, percentiles, median,
etc). These express, with a single value, a specific characteristic of the data
distribution:
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the central trend or position represented with the mean, the median, the mode and
the percentiles;



the variability or dispersion represented with variance, standard deviation or
standard deviation, range of variation;



the shape of the distribution or the possible presence of asymmetries
The tools made available by descriptive statistics can be both graphical and
numerical. The former allows to an investigation of the phenomenon in a visual way
allowing to identify the function that expresses the trend of the phenomenon under
study and therefore the most appropriate mathematical model (Muschitiello, 2011).
While the numerical organization allows you to extract the most important
information.
However, the model is not able to represent the phenomenon with extreme accuracy
but tends to simplify it. To understand the effects that independent variables have on
the dependent variable and to predict the value of the dependent variable through a
combination of independent variables, the multivariate regression technique is used.
Once the model has been created, it is necessary to make sure that the observed data
are well described, then the goodness of fit of the model is evaluated using correlation
coefficient (R2) and Pearson coefficient (P).

2.5.2 Analysis tools
For the statistical study, for data processing and model verification, two
calculation tools were used.
The first was used to perform multivariate regression, statistical analysis of the
variables and coefficients of the models. Then the regression model and its synthetic
statistical parameters were identified, the goodness of regression and the probability
of false rejection of the coefficients introduced in the model were verified.
While the second tool provided statistical information on a population of data.
Then the distribution of the data was identified and its adaptability with respect to
probability functions of existing statistical models was assessed, through statistical
tests (Kolmogorov-Smirnov, Anderson-Darling, Chi-Square test ).
Statistical analysis
For both the isolated vehicle and the traffic conditions, statistical analyzes were
performed to identify possible correlations between the variables characterizing the
sites analyzed. The goal of this analysis is to identify a regression model of the

77

Chapter 2

VEHICULAR FLOWS EXPOSURE

experimental points characterized by a simple structure and with the least number of
coefficients. The quantities considered are the following:
- Average measured speeds obtained from FCD data;
- Speeds estimated by the model;
- Standard deviation values obtained by reprocessing from FCD data;
- Useful width of the arc (Lu);
- Tortuosity (W);
- Number of accesses;
-

Number of pedestrian crossings;
Percentage of illegal parking;
Presence of buildings in percentage;
Vehicular range.

By way of example, the correlation diagrams between the standard deviation and
the different site characteristics for the isolated vehicle are shown below.

Figure 2.6 STD - Lua correlation

Figure 2.7 STD – W correlation

Figure 2.8 STD correlation - n. accesses

Figure 2.9 STD correlation - n. crossing
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Figure 2.10 STD correlation -% illegal parking

Figure 2.11 STD correlation -% occupied by
buildings

Figure 2.12 STD correlation - Vs

The standard deviation was chosen as it represents a synthetic parameter of
fundamental importance; in fact, in the analyzes carried out, it provides an estimate of
the dispersion of the speeds adopted by the drivers with respect to the average speed
value. According to sector studies, a high value of this parameter indicates an
excessive variability of the speeds in the road section analyzed and therefore a greater
interaction between vehicles; the increase in interactions can translate into a higher
frequency of accidents. The expected behavior is the decrease in the dispersion of
speed as the flow of traffic increases, given the decrease in the quality of traffic.
In the analyzes, no regression models were identified that corresponded to the
parameters initially estimated, in fact for no correlation a significant value of the
determination coefficient was obtained (neither for the isolated vehicle nor with
traffic).
Therefore it can be said that the standard deviation is invariant with respect to the
variables characterizing the site. In fact, it assumes a variable value in a range of 5
km/h, between the value of 15 km/h and 20 km/h. The average standard deviation
value over all the sites is equal to 15.79 km/h.
Site 7b
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Table 2.5 Results Normal model - site 7b.

Table 2.6 Results model Beta- site 7b.

Again for both conditions (isolated vehicle and flow condition), the speed obtained
by the FCDs was compared with the frequency with which the speed values are
repeated. It is therefore possible to define a probability density function of the observed
data which is compared with probability density functions of known statistical models.
This comparison is done through three statistical tests: Kolmogorov-Smirnov,
Anderson-Darling, Chi-square.
The statistical study was conducted for each site but only some results in the isolated
vehicle condition are reported below.

80

Chapter 2

VEHICULAR FLOWS EXPOSURE

For the different sites (as also highlighted in site 7b), the adaptability of the data
population to both the Normal statistical model and the Beta model is observed.

2.5.3 Removals of outliers
In the previous paragraphs, the absence of regression models and relationships that
can explain the correlation between standard deviation STD, flow rate Q and Velocity
estimated by the Vms model was ascertained. Then an average standard deviation
value was evaluated for each site and to eliminate the aberrant points with respect to
the confidence band.The confidence band, for each site, was evaluated as the area of
the graph that extends from the mean value of standard deviation and more or less
twice the standard deviation. The diagrams obtained for some sites and the diagram
containing the experimental data of all the sites are shown below.
Table 2.7 Standard deviation and flow rate data for the site 1
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Figure 2.13 Standard deviation correlation
with flow rate and relative confidence band.

Figure 2.14 Standard deviation correlation with
range for all sites.

With the elimination of the outliers, for each site an average value of standard
deviation STD was evaluated which are reported below:
site1

→ 𝑆𝑇𝐷 = 14.44 𝑘𝑚/ℎ;

site 2

→𝑆𝑇𝐷 = 9.87 𝑘𝑚/ℎ;

site 3

→ 𝑆𝑇𝐷 = 16.04 𝑘𝑚/ℎ;

site 4a

→ 𝑆𝑇𝐷 = 15.40 𝑘𝑚/ℎ;

site 4b

→ 𝑆𝑇𝐷 = 13.41 𝑘𝑚/ℎ;

site 5

→ 𝑆𝑇𝐷 = 13.95 𝑘𝑚/ℎ;

site 6

→ 𝑆𝑇𝐷 = 14.30 𝑘𝑚/ℎ;

site 7a

→𝑆𝑇𝐷 = 12.88 𝑘𝑚/ℎ;

site 7b

→𝑆𝑇𝐷 = 16.49 𝑘𝑚/ℎ;

site 8

→𝑆𝑇𝐷 = 16.26 𝑘𝑚/ℎ;

site 9
→𝑆𝑇𝐷 = 15.05 𝑘𝑚/ℎ.
The variation in STD is between a minimum value of 9.87 km/h and 16.49. The
lowest value found is that relating to site 2 due to the low number of FCD data available
for the site. It can be seen that the range of variation is very low between all sites.
Subsequently, considering the data of the sites as a whole, an average STD value of
14.40 km/h was reached.
The mean STD values obtained for each site were correlated with the following
parameters:
- Useful arc width Lu;
- Tortuosity W;
- Number of accesses;
- Number of pedestrian crossings;
- Percentage of illegal parking;
- Presence of buildings in percentage.
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The correlation diagrams between the various parameters are shown below.

Figure 2.15 Correlation between standard deviation
and useful arc width.

Figure 2.16 Correlation between standard
deviation and tortuosity.

Figure 2.17 Correlation between standard deviation
and n. accesses.

Figure 2.18 Correlation between standard
deviation and n. crossings.

Figure 2.19 Correlation between standard deviation
and percentage of unauthorized parking.

Figure 2.20 Correlation between standard
deviation and built-up percentage.

For none of the correlations investigated a regression function was identified that
would allow explaining the experimental points.

2.5.4 Influence of buildings and site factors on traffic
The FCD data were reworked to assess the influence of the building, regardless of
the administrative area of the sites analyzed and other site characteristics. The goal is
to identify common and valid aspects, in general for each site, reaching a greater level
of detail by increasing the number of experimental points.
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The road sections were divided into sections of 100 or 200 m, depending on the
number of FCD data available.

Figure 2.21 Representation of FCD data at site 5 (source: QGIS)

Below is a summary table of the sections and the number of sections analyzed as a
function of the length and number of FCD data available per site.
Table 2.8 Number of sections per site as a function of the length and number of FCD data.

Site
1
2
3
4a
4b
5
6
7a
7b
8
9

Route width (m)
1400
1000
1400
1200
1200
1700
3600
1000
1000
1000
1000

n°sections
14
5
14
6
6
17
36
10
10
10
10

length of the sections
100
200
100
200
200
100
100
100
100
100
100

With the use of QGIS and the contribution of Google Earth, the following
characteristics have been identified for each trunk:
- Speed limit;
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-

Tortuosity;
Lane width;
Width of the docks;
Number of accesses;
Number of pedestrian crossings;
Percentage of buildings on the sides of the carriageway;
Percentage of illegal parking;
Regular parking percentage;

-

Average speed per hour for the condition of the vehicle under traffic;
Hourly standard deviation for the condition of the vehicle under traffic;
Average speed for isolated vehicle condition;
Standard deviation for the isolated vehicle condition.

As an example of the analyzes carried out, the summary table of the data collected
for the site 5 is shown.
Table 2.9 Site 5 data (source: QGIS, Google Earth)

Section
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Speed
limit[km/h]
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

W
0,100
0,100
0,000
0,000
0,000
0,078
0,156
0,078
0,000
0,000
0,017
0,017
0,000
0,039
0,031
0,061
0,000

Lane
width[m]
6,8
6,75
6,65
6,63
6,62
8,1
8,66
8,16
6,9
7,4
7,66
7,72
7,45
7,98
7,53
7,23
7,72

Platform
width[m]
0,6
0,64
0,71
0,9
0,66
0,7
2,25
3,45
3,42
1,5
1,33
1,6
1,3
1,53
1,55
1,37
1,32

Lu
[m]
7,4
7,39
7,36
7,53
7,28
8,8
10,91
11,61
10,32
8,9
8,99
9,32
8,75
9,51
9,08
8,6
9,04

N.
accesses
1
2
4
1
1
3
5
6
6
7
8
7
3
2
3
5
4

N.ped.
crossing
0
0
0
0
0
0
1
1
2
1
0
1
1
0
0
0
0

Greater attention was paid to the presence of buildings: for each site, the presence
of buildings was calculated as a percentage, according to the length occupied on the
sides of the carriageway by commercial activities, industrial plants and private homes.
The data obtained, relating to the presence of buildings in percentage on the right and
left side of the carriageway, were combined in order to obtain a single synthetic
parameter for the section under analysis. The calculated parameters are:
- Arithmetic average;
- Minimum built;
- Maximum built;
- Harmonic mean;
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Geometric mean.
As an example, the summary table of the data obtained for the site 5 is shown below.
Table 2.10 Parameters according to the buildings for the site 5.

Section
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Arithmetic
average
0,500
14,600
7,850
7,700
11,500
43,230
62,670
64,000
80,250
38,400
59,320
30,800
12,900
0,500
0,500
20,100
0,500

Maximum
built
0,500
18,800
14,700
14,900
22,500
58,160
70,630
100,000
100,000
44,300
100,000
50,600
25,300
0,500
0,500
39,700
0,500

Minimum
built
0,500
10,400
1,000
0,500
0,500
28,300
54,710
28,000
60,500
32,500
18,640
11,000
0,500
0,500
0,500
0,500
0,500

Harmonic mean
0,500
13,392
1,873
0,968
0,978
38,074
61,659
43,750
75,389
37,493
31,423
18,071
0,981
0,500
0,500
0,988
0,500

Geometric
mean
0,500
13,983
3,834
2,729
3,354
40,570
62,162
52,915
77,782
37,944
43,174
23,592
3,557
0,500
0,500
4,455
0,500

Statistical analysis
As previously done, the data collected from the analyzes were correlated as a
function of the measured velocity and the standard deviation. This correlation was
carried out individually for each site and subsequently for all sites, without
disregarding the hypothesis of isolated vehicle and non-isolated vehicles.
For both conditions (isolated vehicle and presence of traffic) the correlations
between average speed measured and tortuosity/arithmetic average built-in
percentage/minimum and maximum built-in percentage/harmonic and geometric
average built-in percentage/site limit speed/useful width.
For each of them, regression models were evaluated that would allow explaining
the experimental points obtained.
Also in these analyzes carried out by subdivision of the sections into sections of
100 and 200 m, the standard deviation assumes the same behavior found in the
analyzes carried out on the complete sections. By calculating an average of the STD
for the 134 experimental points available, a standard deviation of 15.67 km/h is
obtained, a value in line with what was obtained in the previous analyzes.

2.6 Conclusion
Speed evaluation represents a critical task in highway and transportation
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engineering since it affects road safety and network performance. The objective of the
present study is to demonstrate that the statistical prediction models can effectively
exploit the huge amount of FCD made available nowadays in order to deliver more
comprehensive and generalised speed prediction tools, provided that a sound
calibration procedure and an effective criticism on speed evaluation criteria and
existing models are taken into account. The validity of the proposed methodology has
been tested against several sites with a typical two-way single carriageway urban and
rural, road layout that is, by far, the most diffused worldwide. Following an analysis
of FCD data, the presented approach also allowed to satisfactorily “capture” the main
essence of driver behaviour in the transition area between rural and urban environment,
the area that remains, in fact, very “tricky” to be identified and treated by road
engineers. One may argue that the postulated linear behaviour is not always found in
reality but, due to the low sampling frequency of FCD so far available (1-2 sample per
minute, on average), it was not possible to model more complex behaviour.
In addition, it has to be acknowledged that, the good agreement between the
estimated and measured speed data is somehow worse for some of the calibration sites
if their performance is individually evaluated, suggesting that some roadway
influencing factors deserve a deeper analysis and urban density can play a significant
contribution in drivers’ behaviour. Nevertheless, the overall prediction performance
seems promising, especially if the reduced sample investigated is considered.
In addition, the presented prediction framework appears to be an effective candidate
tool to improve road safety. For sake of clarity, if the well-known fourth and square
power-law relationships between fatal and injured accidents, respectively, and vehicle
speed are recalled (Elvik at al. 2009) (Elvik et al. 2019), a 5% decrease of vehicle
speed that can be obtained by reducing the average useful road width, Lu, or by
increasing the site dimensionless tortuosity, W, (or by a combined approach on both
terms) according to the Eqs.(2.7-2.8), can virtually yield to a nearly 20% of decrease
of fatal accident and a 10% decrease of injured accidents.
If the speed, in fact, provides an indication of the conduct of the drivers and the
possible severity of the damage following an accident, the standard deviation of the
speeds allows to define of the dispersion of the same values with respect to the average
value. According to sector studies, the standard deviation is indicative of the
probability of an accident occurring: as the dispersion increases, the probability of
interaction between vehicles and of an accident increases. The analyzes carried out in
this sense led to the definition of an almost invariant standard deviation value for each
site (included in a range between 13 km/h and 15 km/h).
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Statistical studies were conducted on the data samples for each site, in isolated
vehicle conditions, and likelihood tests to identify the distribution of data according to
statistical models, mainly identifying the Normal and Beta model, fundamental for
evaluating the behavior of drivers according to simplified statistical schemes.
Possible correlations between the various factors that influence the traffic flow were
investigated, identifying the presence of buildings and the number of accesses as
possible independent variables for the development of future forecasting models,
recommending a more detailed analysis of the buildings through a volumetric relief.
However, it has to be underlined that further investigations and analyses are needed
in order to:


increase the statistical significance for calibration and validation by collecting and
analysing a greater number of test sites;



evaluate and predict the dispersion characteristics of speed distribution by
collecting a higher amount of FCD per site;



investigate the influence of factors other than those related to roadway layout and
urban limits that may affect the driver’s behaviour in transition areas.
Nevertheless, preliminary results appear fairly encouraging, in fact, the higher
information content provided by FCD, if it is combined with a careful examination of
road section characteristics, can provide useful engineering tools that can be employed
in road safety design and retrofitting.
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CHAPTER 3. PEDESTRIAN FLOWS
EXPOSURE
Since the new millennium, the problems generated by natural disasters, attributable
to increasing levels of pollution, have pushed nations to seek solutions. In order to
reduce environmental pollution (noise and air) linked to road traffic, the researchers
are moving towards alternative mobility also known as sustainable mobility. For this
reason, policies are being developed that push the population to use different modes
of travel to the motor vehicle, favoring multimodal transport alternatives. These
involve the combination of the use of public transport, cycle and pedestrian routes, as
well as sharing services (where available). Regardless of the type of transport, the
pedestrian component turns out to be relevant in cities though the infrastructure is not
adequately designed to accommodate it and conflicts arise with the traffic components,
which must be managed. To design the road infrastructure wisely, it is therefore
necessary to assess the risk exposure. Exposure is distinct from risk, which is
understood as the probability of a dangerous event occurring. Clearly, the exposure
and the risk are correlated; in fact, a high exposure, due for example to high pedestrian
volumes in a busy intersection, could involve a reduced risk if this is well designed. In
reverse, a low exposure (fewer pedestrians crossing a busy and dangerous intersection)
can involve high risk and therefore a greater probability of a deleterious event
occurring. When applied to pedestrian safety, exposure is defined as the ratio of
pedestrian accidents to pedestrian volume.
In particular, pedestrian exposure is defined as the percentage of pedestrians in
contact with potentially harmful vehicular traffic (Raford & Ragland, 2003). In
practice, this can be defined as the annual number of vehicle-pedestrian collisions
divided by the estimated annual pedestrian volume at a given intersection (Leden,
2002) (Jacobsen, 2003).
Before evaluating the exposure, it is, therefore, necessary to define the geographical
area on which to perform the study. Usually, the study area can be broken down into
facility-specific and area wide. The first category considers a point (where traffic flows
intersect, merge or diverge) or a segment (part of the road or carriageway between two
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points, where traffic volumes and characteristics remain unchanged). While the second
analyzes the network (a medium-sized geographical area in which there are
interconnected transport structures) or the region (large geographical area that includes
all transport structures within a defined political boundary).
Depending on the geographic scale chosen, the exposure, to be used in the risk
calculation, can be measured in a different way.
Table 3.1 The most popular exposure measures

In this chapter, the consolidated methods present in the literature for the estimation of
traffic and pedestrian flows were first presented. Two proposed procedures were
reported below, which could be merged to obtain realistic estimates of flows. The first
method proposed uses a configurational model to estimate pedestrian flows (by
running simulations with the Space Syntax). Since numerous researches have shown
that pedestrian activity is linked to network connectivity, but at the same time it is
influenced by other variables such as population, land use, purpose of travel, means of
connection, etc. The configurational model has been improved by incorporating
numerical evaluations related to the different attractors present in the area. The data
obtained from the model were then compared with those collected in the area using
the mobile observer technique.
The second method is based on a demand-driven approach, very similar to the fourstage model, which starts from statistical data (collected with interviews or from
national databases) in order to reconstruct the movements for the different modes of
transport and in different time slots.
Both methods make it possible to estimate the extent of flows and to represent their
distribution on the road network.
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3.1 Counting and estimating technologies for nonmotorized travel: state of the art
For the reconstruction of the mobility of a site, it is necessary to consider the
relationships between the urban structure and the pedestrian flows. The latter are
interchange movements having origin and destination in the different areas of the area
and are linked to the demand for mobility understood as the number of people who,
based on choices, move in an interval of time to use service goods differently located
on the territory. In order to predict the estimate of pedestrian flows, data obtained from
the pedestrian count are used. These are acquired by:
• Direct measurement: many cities collect data by counting vulnerable users.
However, these counts are collected in a very limited number of sections and
often in locations where there are larger volumes of people. These
measurements are commonly used to estimate exposure when the coverage of
the analyzed facility is limited; this is because the collection of counting data
for all facilities within a large network or region is prohibitive in terms of costs.
Besides the fact that in some cases, it is a challenge to get a representative
number of pedestrians and cyclists due to the seasonal variation with walking
•

or cycling modes.
Forecasting models: because the counts are collected in a limited number of
locations, various methods of estimation and modelling are often used; this
allows to obtain count estimates for all locations within a city or other defined
area. In many cases, the direct count sample is used in the development and
calibration of these estimation models.

3.1.1 Direct measurement
Much progress has been made in the past decade for the direct measurement of
vulnerable users. The techniques used for the counting of the non-motorized volume
are sometimes different from those established for the motorized; this is because it
must be taken into account that non-motorized traffic is characterized by a greater
sensitivity to environmental conditions (precipitation, temperature, darkness, etc.) and
does not follow regular patterns as it is not confined to fixed lanes (vulnerable users
can travel outside designated footbridges and cycle paths, take unmarked shortcuts or
stop unexpectedly). Below is a synoptic table of the possible techniques used for the
survey of non-motorized travel.
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Table 3.2 Techniques used for the survey of non-motorized travel
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The monitoring techniques (Federal Highway Administration (FHWA), 2016) most
used for identifying pedestrian flows can be grouped into two macro-types: manual
and automatic detection.
The manual survey consists of the acquisition of data based on the direct survey of
an operator. These provide a wide range of data (e.g. age, gender, physical handicap
and pedestrian behavior) (Robertson, Hummer, & Nelson, 1994), they are quick to set
up and run (Roess, Prassas, McShane, & William, 2004) but they require a great deal
of effort by qualified personnel to collect the data; therefore these are unattainable for
long periods of observation given the high economic costs (Greene-Roesel, Diogenes,
Ragland, & Lindau, 2008). This technique requires a fixed observer at different points
and at pre-established times; this man observes and manually counts the number of
pedestrians by filling in suitably prepared forms in advance.
The weaknesses deriving from the human condition, in manual surveying,
combined with the need to collect data continuously, with high precision and in short
periods of time, has led the research to develop techniques and tools capable of
achieving these objectives. Therefore, the automatic survey was introduced to meet
these needs. To detect non-motorized traffic, various methods have been developed
that require instruments with high precision and sensitivity; as well as being able to
record and store video/audio and position data by interacting with other computer
systems. The automatic survey method was initially created for indoor use, and
consequently finds its maximum development in this area, but with the necessary
precautions, it can also be a useful procedure in outdoor environments with countless
advantages to support the operator.
The most popular automatic methods include:
- carpets with pressure sensors which send an impulse to the counter when they
are crossed and processes the data in real time;

Figure 3.1 Carpets with pressure sensors (taken from Google Images)

-

infrared sensors that allow to identify pedestrians from the body heat
emitted. If the temperature exceeds a certain threshold, the counter is
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activated (Federal Highway Administration, 2013). They are not very
common as they may not distinguish between one or more pedestrians
traveling in the immediate vicinity, and therefore generally underestimate
the pedestrian volumes (Bu, Greene-Roesel, Diogenes, & Ragland, 2007).

Figure 3.2 Infrared sensor (taken from Google Images)

-

-

-

pneumatic tubes are rubber tubes that if crossed send a pulse of air passes
to the detector and then record the count. These systems are also used to
evaluate the speed and directionality of flows (Hyde-Wright, Graham, &
Nordback, 2014) (Hjelkrem & T., 2009). Pneumatic hoses are used on
surfaces in areas where temperatures remain above freezing because the
hoses may not maintain their properties in cold climatic conditions and can
deteriorate.
Inductive Loop Detectors these are cables installed under the surface of the
flooring (incorporated) or above the flooring (temporary) crossed by electric
current; the wires that form the coils generate a magnetic field. When they
have crossed the magnetic field changes and the measurement is obtained.
These systems are mainly used for the survey of bicycles but are subject to
an underestimation of the flows given the difficulty of detecting several
vehicles at the same time (Nordback & Janson, 2010) (Nordback & Koonce,
2014).
Laser scanners emit laser pulses in different directions and analyze the
reflections of the pulses to determine the characteristics of the device's
surroundings, including the presence of pedestrians or cyclists who cannot
be distinguished. Usually, this technology is used for short-term counting
and in closed areas without obstacles.
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Magnetometers are devices sensitive to ferrous objects and for this reason,
they are often used to detect the presence of bicycles; when these pass
through them, they change the magnetic field and the passage is recorded.
The limitation in the use of these devices is that they can be applied in a
limited area.
detection with video images: is a monitoring system that is based on the use
of cameras to continuously detect pedestrian traffic, in order to have a
spatial-temporal representation of the pedestrian flow with a very high set
of information. However, the processing of such video images is far from
simple and immediate, since the images must be processed with rigorous
methodologies in order to allow the interpretation of the contents. This
method can also be a valid help in the manual field with an operator who
collects the data; in an automated system, on the other hand, specific
software accelerates the work and increases its accuracy (Dobler, Vani, &
Dam, 2019);

Figure 3.3 Video surveillance cameras (taken
from Google Images)

Figure 3.4 Software to process and
process video images (taken from Google
Images)

Figures 3.5 software that recognizes and counts
the movements of objects from a video (taken
from Google Images)

Figures 3.6 facial recognition software
(taken from Google Images)

-

real-time detection: a precise and constantly evolving method. This is
essentially linked to the possibility of detecting a person at a certain time
and position, thanks to any device with an active internet or GPS or
Bluetooth connection. (Traunmueller, Johnson, Malik, & Kontokosta, 2018)
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(Abedi, Bhaskar, & Chung, 2013) (Kurkcu & Ozbay, 2017) (Bongiorno,
Santucci, Kon, P., & Ratti, 2019). An example can be the ability of the
Google maps app to identify people who are on a certain route through the
GPS of smartphones; depending on the speed and density data, this
identifies and superimposes a range of colors on the pre-established
itinerary, which indicate whether or not there are delays (Ziye, 2011).

Figure 3.7 Instant tracking with GPS

3.1.2 Forecasting models
As previously mentioned, if the counting data is not available on the entire network,
it is possible to extend the study to the entire network using forecast models. A wide
range of theories have been used for this, such as: tail models (Hoogendoorn & Bovy,
2004), transition matrix model (Helbing, Molnár, Farkas, & Bolay, 2001) (Kurose &
Satoshi, 1995), stochastic model (Ashford, O'Leary, & McGinity, 1976), path choice
model (Hoogendoorn SP, 2004). They are all, at least in part, similar to each other and
are used to describe the behavior of pedestrians in critical situations. Volume
estimation models are used to take into account the unpredictability of pedestrian
behavior. So these are mathematical models that combine existing data with key
assumptions to estimate volumes. They are typically used when data is not available
or to estimate future conditions by changing variables in the model.
The most relevant models include:
1.
Sketch Sketch plan models or Direct Demand Models: they are used as a
planning guide as they attempt to approximate pedestrian demand based on
simple rules of thumb (Federal Highway Administration, 1999). Pedestrian
volumes are predicted through the use of counts and regression analyzes as a
function of land uses (such as the surface of offices or commercial spaces)
and/or travel generation indicators (parking capacity, transit volumes,
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movements of traffic, etc.)(1,000 Friends of Oregon, 1993) (Systematics,
1994) (Rossi, Lawton, & Kim, 1993) (Navin & Wheeler, 1969) (Pushkarev
& Zupan, 1971). The advantage of these models is that they require minimal
data collection and no knowledge in mathematical simulation or computer
modeling. They are able to offer quick pedestrian volume estimates but are
only effective at the aggregate level. The downside is that they are unable to
assign realistic pedestrian volumes to specific streets or intersections and do
not take into account the type of dynamic pedestrian behavior. These models

2.

have been applied in large urban environments where neither high precision
nor detailed estimates are required(1,000 Friends of Oregon, 1993) (Rossi,
Lawton, & Kim, 1993);
Regional travel demand models: These models estimate existing and future
travel demand from numerous input data, such as transport network,
demographic characteristics and travel behavior. These are travel-based
models (Sener, Ferdous, Bhat, & Reeder, 2009). Traditionally they are known
as four-stage models because to estimate the pedestrian/cycle volume it uses
four sub-models: trip generation, trip distribution, choice of travel mode and
trip assignment (Clifton, Singleton, Muhs, Schneider, & Lagerwey, 2013).
They are usually used in traffic analysis zones (TAZ, i.e. geographical census
areas). Due to their coarse level of spatial analysis framework, such travelbased models are limited in estimating non-motorized travel; therefore
models were developed that consider individuals rather than travel by
reducing the geographical scale of analysis (parcels instead of TAZ)
(Southern California Association of Governments (SCAG), 2016). These
simulate the decisions of an individual participating in an activity. They are
certainly realistic models even if they do not capture recreational travel
(Kuzmyak J. R., Walters, Bradley, & Kockelman, 2014); but complex to
apply because they require time, financial resources and qualified personnel.

3.

Demand driven models: they are conceptually similar to regional models, but
use smaller geographical areas instead of TAZ and consider origindestination / choice of route. These models resemble traditional models of
vehicular travel demand in many respects (Hoodgendoorn & Bovy, 2004)
(McNally, 2000); in fact, to estimate the pedestrian volume, it uses four submodels (travel generation, travel distribution, choice of travel mode and travel
assignment). These approaches are based on the utility maximization theory,
i.e. that all pedestrian actions are performed for a reason and therefore have
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utility with respect to a set goal. The disadvantage is linked to the fact that in
the choice of the route a defined number of routes is considered (Hamacher
& Tjandra, 2001) (Hoodgendoorn & Bovy, 2004) with few possible
deviations. Ultimately it can be said that these models offer complex
descriptions of the built environment and the pedestrian behavior within it.
But they require a large volume of data, a high level of specialized technical
skills, and take time to set up, calibrate and review.
Simulation-based traffic models: they use mathematical models and

4.

computerized systems to simulate and reconstruct movements. They mainly
use the outputs of the Regional Travel Demand Model (TDM) as inputs into
their algorithm for determining detailed activity levels (Abdelghany,
Adbelghany, Mahmassani, & Al-Zharani, 2012). These can be divided into:
-

-

5.

Microsimulation models in which the behavior of the single individual
represented is reconstructed through his speed and interaction with other
pedestrians following predefined rules of behavior. Such models offer
highly realistic simulations of small areas such as single streets or
intersections and enclosed spaces such as transit centers, airports and
shopping malls. This allows researchers to create large-scale forecasts of
demand and travel volumes at a given point (Schadschneider, 2002)
(Lovas, 1994) (Timms, 1992) (Annesley, Dix, Beswick, & Buchanan,
1989). The most popular models are cellular automata (Blue & Adler,
1999) (Blue & Adler, 2000) and agent-based models (Batty, 2001)
(Schadschneider, Kirchner, & Nishinari, 2002). These models allow to
have a high level of detail, but on the other hand, they require a good
understanding of mathematics as well as computer skills.
Macroscopic models aggregate pedestrian movements into flow or density
and average speed. These are made up of partial differential equations
deriving from fluid dynamics and which take into account the conservation
of mass and possibly an equilibrium equation of the moment (Hughes,
2002). Approaches such as cellular automata and intelligent agents are
used for macro simulations (Burstedde, Klauck, Schadschneider, &
Zittartz, 2001) (Wang & Chen, 2009). As for micro-simulation models,
realistic detailed reconstructions of reality are obtained but a great
computational burden is required.
Land use models (seamless pedestrian) are regression models used to explain
"the levels of demand recorded in the counts as a function of the measured
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characteristics of the adjacent environment" (Kuzmyak, Walters, Bradley, &
Kockelman, 2014); indeed, they represent travel behavior based on the
characteristics of an area (e.g. population density, employment density,
household income, type of facility) and land use (schools, transit stops, parks,
beaches, shops) and civic facilities (libraries, post offices and government
buildings). These models provide estimates of overall travel in an area based
on demographics, individual/family data travel, and/or survey data. They are
simple to use as they take advantage of readily available data and methods
(Jones et al., 2010). Their weakness is that they are limited in terms of
acquisition of behavioral structure and are not transferable due to the
relatively small sample size and characteristics upon which the models are
built.
6.

Configurational models allow to understand how the environment and the
built environment can influence the dynamics of pedestrian movement. These
are more detailed than sketch plan models and can estimate volumes for street
segments and intersections over an entire city or neighborhood. Although the
models present varying techniques as a function of the amount of walking
trips in a study area and the various algorithms for choosing the route. Most

use a gravity model (McNally, 2000) (Olson & Spring, 1997) (Teklenburg,
Timmermans & van Wagenberg, 1993). Since they are less complex than the
others, they are also less expensive from a computational point of view; this
allows for quick and easy modeling with different scenarios. This category
includes the Space Syntax which uses a graphic "proximity" algorithm to
estimate the movement potentials of pedestrians.
In this work, a correct configurational model was used to estimate the pedestrian
flows (by carrying out the simulations with the Space Syntax); this can be further
improved with a demand driven model, mainly used for estimating cycle flows.
Given that in Italy, as well as many other states, the data of the collision vehiclesvulnerable users are collected through the reports of the police; there are limitations
due to both the loss of data related to:
 collisions with minor damage;
 inaccuracy of localization of collisions and fatal accidents;
 lack of exposure data.
To calibrate a model it is instead necessary to have pedestrian or cycle counts. The
configurational approach allows, starting from counts on a limited number of streets,
to estimate the flows over the entire city. However, the data obtained from the
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calculations are often misleading; in fact, numerous studies have shown that pedestrian
activity is indeed linked to the connectivity of the network but at the same time is
influenced by other variables such as population, land use, the purpose of the trip, the
means of connection, etc. (Cervero & Radisch, 1995) (Landis, Ottenberg, & Vattikuti,
1999) (Kitamura, Mokhtarian, & Laidet).
The configurational analysis, therefore, allows to estimate the crowding not related
to the emission, to the matrix or to the modal choice (it does not reflect a structure
based on supply and demand) but can only be ascribed to the configuration of the
network. This is the result of the history of urban evolution in which city centers are
made up of densely meshed road networks and therefore are very connected. This
approach presents acceptable results because cycle and pedestrian movement is a
granular and less discrete phenomenon than the transport model (in which zoning is
performed, defined the movements that occur at certain times of the day, etc.);
therefore a continuous model have many uncertainties, which however a transport
model would not be able to grasp.
At the transport level, this is open to criticism since a movement is made for a
reason, to satisfy needs and in a different way; therefore the configurational analysis
must be integrated with a demand driven approach. This model makes it possible to
improve the estimates of pedestrian flows as well as estimate cycling flows. Therefore,
starting from a four-stage model, it is possible to estimate the flow channeled on each
section of the network in order to make a ranking/gradation in terms of propensity to
host cycling or pedestrian flows and therefore to make useful hypotheses for the design
(being a relative knowledge of the flows on each stretch, the network can be
dimensioned or upgraded).

3.2 Pedestrian
approach

flow

estimation:

configurational

As previously stated, the gravitational approach is based on the use of the Space
Syntax, that is a series of theories and techniques for the analysis of the spatial
configuration of road networks and buildings, and of the interactions that coexist with
each other. It was conceived by Bill Hillier, Professor of the Bartlett School of
Architecture, University College London (UCL), in the late 1970s. The Space Syntax
was created to help urban planners simulate the likely social effects (understood as
human behavior and activity development) generated by their projects. According to
Hiller (Hillier & Iida, 2005) pedestrian movements are influenced by the configuration
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of the network. The configurational approach assumes that urban space, as it is
structured, influences both settlement processes and movement, on roads and spaces,
linked to the presence of settlement activities.
All movements estimated by the Space Syntax are defined by Hiller as natural
movements (Hiller, Penn, Hanson, Grajewski, & Xu, 1993). The latter are the
relationship between the configuration of the network and any other element of the
road system. In many cases, the displacements are not generated only by the
configuration of the network but can also be influenced by other attractors.
The Space Syntax is based on the axial analysis technique with which the twodimensional urban space is reduced into a one-dimensional system. This technique
starts from the hypothesis that the urban space is made up of a series of linear segments
with which the grid is discretized and that the observer moves in it according to the
visual perception, preferring linear paths not linked to the visual variations.
The results of the axial analysis present indices that allow to describe the
configurational consistency of the elements, among these the most used are:
- The global choice index (choice) represents the flow present through a space
(a high value is obtained when there are short paths that connect more spaces);
- The connectivity index, understood as a local variable, indicates the number of
-

elements directly connected to a space;
The integration index is a global measure of accessibility, that is the minimum
number of steps of a graph necessary to reach a point starting from another.
This parameter can be evaluated both locally (with topological radius 3 or
metric 400m(Jiang, Claramunt, & Klarqvist, 2013) (di Pinto, V., 2013)) which
turns out to be the best predictor of small-scale movements (because pedestrian
trips tend to be shorter and see the road grid in a relatively localized way); or
there is the global integration (with topological radius n) which predicts
movements on large scale (including vehicle movements, because people on
longer journeys will tend to read the grid in a more globalized way) (Hillier,
1996, 2007).
This index presents several mathematical formulations (Jiang & Claramunt,
2002) (Ostwald, 2011) (Xu, et al., 2020) (Volchenkov & Blanchard, 2008), the
most immediate seems to be the one reported by Raford and Regland (2005)
2(𝑀𝐷 − 1)
3.1
𝐼𝑁𝑇 =
𝐾−2
Where:
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 MD is the Mean Depth of the entire system; the Mean Depth is
calculated by the equation:
L

3.2

MD =(n−1)

where L is the Total Depth (that is the sum of all possible sections,
given a starting point, to be traveled to reach a point of the network)
and n is total number of sections in the network;
 K the number of nodes in the network.
The global variables are those that correlate each axial line with respect to all the
other lines of the system, while the local ones measure accessibility up to a radius of
300 m.
The type of analysis that best takes into account the geometric, topological and
angular characteristics of the network and that produces the best results in terms of
forecasting traffic flows is the Angular Segment Analysis with Metric Radius; i.e. an
analysis, carried out on a network consisting of segments, based on the calculation of
the angular depth of each section in relation to the other sections of the network, setting
a buffer with a finite metric radius within which to evaluate these connections between
the sections (Al_Sayed, 2018).
The angular depth is the "distance" that separates a pair of trunks, where this is
understood as the sum of the angular variations of the sections, from the origin to the
destination of the path (Al_Sayed, 2018). The angular variation represents the “cost”
of the move. According to Hillier (2005), in fact, the ability of the road user to plan
the most convenient route from point A to point B is linked to the perception that he
has of the distance to travel, which is unconsciously evaluated not necessarily with
respect to the metric length of the journey, but in largely on the basis of its tortuosity,
expressed precisely as a total angular variation. The user is willing to go further,
"spending less" in terms of tortuosity.

Figure 3.8 Angular variation between the sections of the network
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All this is evaluated within a buffer with variable metric radius depending on the
purpose of the analysis. For the evaluation of pedestrian flows in an urban center, a
radius of 400 m is usually assumed, corresponding to a journey of about 5 minutes on
foot. With this restriction, the system will calculate the angular turns of all legs within
400 meters of the current leg; those beyond this radius will not be calculated. The
system will only identify local relationships between elements within 400 meters of
each of the segments. Higher radii place a larger restriction on the analysis, up to radius
n, i.e. no spatial restriction: all sections of the network are considered. The choice of
the radius n is more suited to the analysis of vehicular flows (Al_Sayed, 2018).
The analysis thus conceived returns, among the many configurational parameters
of the network, those of Integration (INT) and Choice (CH), which contain an intrinsic
meaning relating to the probability of each trait to be chosen or not in the various
possible paths from an Origin to a Destination. Integration is a good indicator of how
each of the segments can be a highly desired destination by users; Choice indicates the
probability that each segment can be chosen by pedestrians as the shortest path.
Integration was correlated with pedestrian flows, in different contexts (Hiller, Penn,
Hanson, Grajewski, & Xu, 1993) (Lerman, Rofè, & Omer, 2014) (Dai & Yu, 2013),
obtaining low correlation coefficients varying between 0.2 and 0.4; therefore it was
proposed to use a hybrid approach that would allow to obtain better forecasts.

3.2.1 Description of the procedure
The analysis conducted in this study can be divided into two phases.
In the first, the road-pedestrian network was reconstructed, creating the spatial
relationship of contiguity between the census sections and the stretches of the road
system. The resident population values (obtained from ISTAT as described below) in
the census sections were attributed as an average to the sections of the network through
the proximity approach. This approach correlates the characteristics of each of the
network centroids with the surrounding ones, according to a succession of buffers with
increasing radius (jth). The buffer radii range from 100 to 1600 meters, chosen on the
basis of an impedance function (Kuzmyak, Walters, Bradley, & Kockelman, 2014). It
describes the propensity to move (k) of pedestrians as the distance to be covered varies.
The impedance function is shown below, with a table of k factor values as a function
of the distance values assumed by the buffers.

106

Chapter 3

PEDESTRIAN FLOWS EXPOSURE

Table 3.3 Values of k as a function of
distance d

Figure 3.9 Impedance function for pedestrian movement.

Distance (m)
0
100
300
600
800
1000
1300
1600

k
1
1
1
0.4
0.2
0.1
0.03
0.01

It should be noted how the propensity to move remains unchanged at 100% from
0 to 300 m, and then gradually decreases until it becomes practically zero once
approximately 1600 m is reached.

Figure 3.10 Succession of buffers from the network centroid up to 1600 m away (taken from Qgis).

To obtain a coefficient that expresses the ability of each stretch to attract pedestrian
movements, it is necessary to multiply the average population values M of each
circular crown by the respective value of k; then add them and obtain a single Pprox
weight (proximity weight). If the values of k of the previous table were considered,
the populations of each circular crown would be multiplied by the upper extremes of
the values assumed by k in that spatial interval. For a more even and uniform
distribution, the average value (kM) that k assumes in each circular crown is taken
instead.

107

Chapter 3

PEDESTRIAN FLOWS EXPOSURE

Figure 3.11 Table of mean k values for each circular crown

For each network centroid, a Pprox weight is obtained; this is evaluated at an
increasing distance from the single centroid, taking into account the actual propensity
of users to move as their distance from it increases. The aim was to define a weight
factor, understood as the attractiveness of pedestrian flows as a function of the average
of the population residing within the circular ring.
In the second phase, the weights used in the analysis with the Space Syntax were
compared with the counts on the network, looking for a correlation between the values.
The results of the weighted analyzes were compared with those of the unweighted
analysis.
Construction of the network and collection of variables
In order to calibrate the forecast model of pedestrian flows, it is necessary to start
from the collection and processing of data on the central area of the city of Cassino
(FR).
This is a town of 36497 inhabitants in the Province of Frosinone in the Lazio region
(Italy). It stands at the foot of the Montecassino hill, in the shadow of the famous
Benedictine abbey. The city is the second most populous in the entire province. The
choice to use Cassino as a case study for the layout of its network is linked to: relatively
small size, easy accessibility, presence of transport infrastructures (railway station, bus
services, bike sharing service, etc.), aptitude for walkability (mainly flat territory, etc.).
Furthermore, the presence of schools, universities, restaurants, shops, public and
private offices, etc. guarantees a regular movement of people for ordinary daily
activities.
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Figure 3.12 In red the position of the municipality
of Cassino in the province of Frosinone (Source:
https: //it.wikipedia.org/wiki/Cassino#/media/File:
Map_of_city _of_Cassino_
(province_of_Frosinone, _region_Lazio, _Italia)

Figure 3.13 Aerial photography Cassino center,
study area

The study was conducted only in the downtown area.

Figure 3.14 Portion of the Cassino center affected by the study.

The procedure can be outlined as shown in the following flow chart.
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Figure 3.15 Flow chart of the proposed methodology.

Before proceeding with the definition and application of the procedure, the data
must be collected, thus starting with data on the census and socio-demographic
sections of the area. Subsequently, the road network is reconstructed and, with the help
of the Field Calculator tool of the QGIS, the aggregation between the two layers
Sections and Network is carried out.
Socio-demographic data
The data necessary for the analysis were obtained from the Istat website. The
surveys obtained are made available to citizens on the Istat web archive (ISTAT). In
this work, the data relating to the resident population in the Lazio Region and in
particular in the Municipality of Cassino were extrapolated. This and other information
is provided by Istat in relation to the various census sections in which the national
territory is discretized.
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The census section is the minimum unit of aggregation of census data in the
municipal area. According to the Istat definition (2015), it consists of a single body
delimited by a closed broken line. By adding together the census sections, it is possible
to reconstruct the geographical and administrative entities of a higher level (inhabited
localities, sub-municipal areas, constituencies and others).

Figure 3.16 Attributes of Section 1 of
the Municipality of Cassino

Figures 3.17Lazio Region divided into its census sections.
The sections of the Municipality of Cassino are selected in
yellow

From the online archive of Istat data it was, therefore, possible to find the necessary
statistical data, downloaded in the form of shapefiles so that these can be opened by
the QGIS software and Excel spreadsheets from which to extrapolate data on the
population.
The shapefile R12_11_WGS84.shx downloaded from the “Territorial bases” table
of the Istat archive allows you to view the entire Lazio Region in GIS with the census
sections that represent its geometries.

Figure 3.18 Census sections constituting the municipal territory of Cassino
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Each geometry is identified by an identification code of the Region, Province,
Municipality and of the section itself, with geometric data on the area and the perimeter
of the section. By applying a filter in the visualization of the layer of the census
sections on QGIS, it is possible to show only the sections belonging to the Municipality
of Cassino (identified by the progressive code PRO_COM = 60019). The municipal
territory is discretized into 689 census sections.
The Excel spreadsheet containing, for each census section of the Lazio Region, and
therefore of Cassino, the socio-demographic data of the area, including data on the
total resident population or organized by gender, age and more, as well as the number
and type of buildings present. It is possible to insert this data inside the shapefile in
QGIS by performing a Join operation.
In this way, a QGIS layer is obtained consisting of the various census sections of
the Municipality of Cassino; each of which preserves data on its geometry and
geographical location, in addition to the socio-demographic information that
characterizes it. It is possible to identify the areas of the Municipality with the greatest
demographic density and on which there are residential and commercial buildings in
the greatest number.

Figure 3.19 Addition of the fields "_P1" (Resident Population), "_E3" (Residential Buildings), "_E4"
(Commercial Buildings)

It should be noted that some of the census sections represented in the shapefile are
not indicated in the Excel file since for these there are no socio-demographic data to
be analyzed. Attempts have been made to find this information elsewhere, without
success. Later it was noted that this lack of data is due in most cases to the fact that the
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census sections in question are placed in correspondence with school complexes,
administrative offices, etc.
However, these analyzes are strictly related to the geometric and topological
characteristics of the network, which could distort the results if the singularities present
in the analysis area were not taken into account. To overcome this problem, using the
Depthmap UCL software, it is possible to carry out these analyzes by attributing
weight to the calculation of the configurational characteristics, consisting of any
peculiarity of the network, which acts as a multiplication factor of the values obtained
without weight. The most used method is to attribute the weight based on the length
of each segment. Mainly because longer road segments are likely to be characterized
by a greater number of entrances on both sides, consequently leading to higher rates
of movement. This is especially true for pedestrian movement and for analyzes with
small metric radii.
The idea behind this study is, instead, to use as weights quantities such as the
population or the number of commercial and residential buildings that insist on each
section. This derives from the consideration that, although an area of the road network
can be geometrically and topologically "attractive" (well connected and integrated) it
will be affected by quantitatively different pedestrian flows depending on the resident
population and depending on whether or not they are present in the area of elements
with a strong attractive capacity such as large residential and/or commercial
complexes.
The analyzes thus carried out with the Depthmap UCL software return different
thematic representations of the road network, with the sections that differ from each
other based on the value assumed for a given quantity calculated by the analysis.
Construction of the network and the criticalities encountered
There have been numerous implementation criticalities which are analyzed below.
1. Construction of the pedestrian network
In order to carry out an analysis as realistic as possible, it was necessary to
reproduce the actual choice of the pedestrian in the best possible way, for this reason
it was necessary to represent each street following the progressive.
For each street, the segments corresponding to the two sidewalks, which can be
crossed in both directions, joined by pedestrian crossings where present, have been
traced.
Since such a setup network was not available, it was necessary to “draw” it directly
on the QGIS, taking as reference the streets shown on the Open Street Map. On the
QGIS the map was then inserted as a background on which the pedestrian network was
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traced as a linear layer, consisting of only broken sections. This is because the forecast
analysis of the Space Syntax Toolkit requires a graph consisting of independent
segments.

Figure 3.20 Use of Open Street Map in the construction of the pedestrian network (taken from Qgis)

Since the level of detail of Open Street Map, as well as of Google Maps or other
similar base-maps, does not allow pedestrian crossings to be displayed, a connection
with Google Satellite was created to design them (Geogeek.xyz, 2018). In some cases,
the resolution was not sufficient to correctly display the roads and crossings. Google
Earth was then used.

Figure 3.21 Use of Google Satellite in the construction of the pedestrian network (taken from Qgis)

The greatest criticality regarding the tracing of the pedestrian network occurred in
some areas of the center of Cassino where the lack of pedestrian crossings is
highlighted. Therefore, following the actual road layout, “islands” were formed, or
portions of the network disconnected from the rest of the graph.
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Figure 3.22 Isolated areas of the center as they do not have pedestrian crossings (taken from Qgis)

In such areas, if pedestrians followed the highway code to the letter, they would be
trapped in a dead-end maze. Realistically, this never happens, in fact, in such cases the
pedestrian is forced to cross the street without a pedestrian crossing, with obvious risks
to his safety.
Taking note of this lack and in order to ensure the success of the forecast analysis,
some pedestrian crossings where the real road network was lacking have been added
arbitrarily in this work, in order to eliminate the analytical error due to the formation
of these islands. This was done wisely, avoiding not adding too much, otherwise there
would be a risk of compromising the reliability of the analysis.
It is necessary to specify that the satellite images used to verify the presence of
pedestrian crossings date back in some cases to the years 2018-2019, in other cases to
previous years. So it could happen that missing pedestrian crossings may have been
integrated in some of these areas.
2. QGIS field calculator
In order to assign the resident population to each section of the network, it was
necessary to use the Field Calculator tool.
Although many have dealt with these issues using this tool, no one specifically
refers to the case presented in this work.
To the theoretical strategies developed for carrying out the analyzes, it was
necessary to find a way to approach their actual possibility of realization on the GIS
software.
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Figure 3.23 Calculation of a field in the “network centroid” layer, containing as values the average of
the resident population of the centroids of the sections within 100 m of each centroid of the network.
There are terms of transformation of the Reference Systems (SR)

Outlining the problem: the centroids, buffer and other algorithms functions were
used, and through the query/aggregation functions between different layers it was
finally possible to solve the problems arising from the software approach.
3. Space Syntax
Once the network was defined, the Space Syntax model was calibrated, attributing,
to each section, a weight linked to the resident population in the various census
sections. The calculation of this weight was defined with the implementation of the
gravitational weight. Therefore, each stretch of the network and each census section
have been simplified by considering their respective centroids (preserving the
information contained in the geometry from which they come).
To obtain the centroids of the census sections just select the layer of the sections
(which will necessarily be a polygonal layer), and then select the Centroids algorithm
in the Processing Tools. A dialog box opens in which you select the layer to use (eg
Cassino Census Sections) and locate the folder in which to save the file in shp format.
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Figure 3.24 Creations of the centroids of the census sections.

Alternatively, you can avoid saving the file, thus obtaining a virtual layer that can
be saved later if necessary.
The centroids of the sections of the pedestrian network are then created using the
Centroids algorithm, or the Points along the line algorithm, setting the creation of the
centroids at the 0.5 interval of the geometry, that is, in the midpoint of the sections.
Two new layers are obtained, one with the centroids of the census sections and the
other with the centroids of the pedestrian sections. In both cases, each centroid contains
in its attributes the same fields and data as the geometry from which it comes (section
or feature).

Figure 3.25 Centroids of the census sections (in blue) and of the sections of the network (in red)
(taken from Qgis)

It should be noted that some sections, and therefore also the corresponding
centroids, do not have resident population values as they are sections characterized by
the presence of school complexes or administrative offices. Giving it a population
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value of NULL or zero would compromise the analysis, so it was decided to remove
these centroids.

Figure 3.26 Removal of geometries without information on the resident population (_P1) (taken from
Qgis)

Once the population information has been transferred from the section centroids to
the network centroids, the respective values of the proximity weights (Pprox) are
associated to the sections of the network and then the forecast analysis is started.
One of the ways of carrying out this data transposition is through the Join function
of QGIS. This function allows to introduce an excel or csv file into the project as a
layer and join its columns to the attributes of a pre-existing layer, thus creating new
fields.
Then inserting an excel file containing the new Pprox field, these values are
introduced in the layer on each section of the pedestrian network.
You can then move on to the forecast analysis phase by finally using the Space
Syntax Toolkit (SST). It is good to reiterate that for this phase of the project it is
necessary to use version 2.18.24 of the QGIS software, this being one of the last for
which it is possible to use the SST application.
For the use of the Space Syntax model, the analysis of theoretical principles and
practical applications was performed, which are also very different from the case in
question. The consultation of articles, publications and manuals drawn up by the
creators of the model themselves has made it possible to unravel, not without
difficulty, in the approach to this tool. In particular, for the possibility of introducing
the population weight and for identifying the right configurational parameters on
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which to focus, it was essential to know the practical applications carried out by
scholars in different parts of the world.(Hillier & Iida, 2005) (Cutini, 1999).

3.2.2 Pedestrian survey
Before proceeding with the simulations with the software, counts were carried out
on some of the main road sections or in any case characterized by the presence of
attractors.
In order to determine the flows, one must:
o define a catchment area according to the urban environment taken into
consideration,
o carry out research on the attractive capacities inherent to the travel request,
o determine hypothetical time slots and critical days.
These elements involve a high degree of complexity as they are linked, directly or
indirectly, to the unpredictability and variability of human behavior. (Ministry of
Infrastructure and Transport) (Armor, 1999).
In recent decades, surveys on pedestrian flows for internal spaces (private, public
and commercial) have spread widely; consequently, many research theories have been
developed for these fields and studies have been undertaken in order to make this
knowledge suitable for external environments. As mentioned in Paragraph 3.1.1, there
are numerous relevant techniques. Before starting, the pros and cons of the procedures
were evaluated, highlighting that the fixed observer technique would certainly allow
obtaining a better overview of a site but there is a final figure that will be averaged
over the observation time window (hourly, daily, monthly or seasonal). Therefore it
was decided to use an innovative technique in this field, given the time and economic
means available: the technique of the mobile observer. This technique is consolidated
and widespread for the survey of motorized traffic but it seems that so far no one has
ever adopted it in this field.
This technique provides that its survey is conducted by a monitoring vehicle,
equipped with video recording devices, which moves along the route to be examined.
This technique has the advantage of being able to acquire data over an entire
network, albeit for a shorter period of time. This makes the data unstable at a statistical
level therefore it is necessary to repeat the survey several times in order to stabilize it..
To determine the route, the attraction areas were taken into account in order to
detect the pedestrian flows in, out and crossing.
These areas have been identified starting from the Istat basket of the year 2019
which highlights the needs of the inhabitants. This makes it possible to identify basic
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service categories that may be of interest to the population, taking into account the
habits of families and the socio-economic fabric of society (ISTAT, 2019).

Figure 3.27 ISTAT basket year 2019 (Source:
https://www.istat.it/it/files//2019/02/infograficaPaniere.pdf - 19/8/2019)

Considering home-work-study trips, the following are considered as attractive
points:
- Education: schools of all levels, private or public.
- Healthcare: medical clinics, analysis centers, clinics for the elderly,
pharmacies and medical facilities of any kind.
- Transport: railway station, the main bus stops of the urban and extra-urban
lines, large non-paid car parks,
- Services: commercial, tourist, recreational, hospitality and catering.
- Corporate, postal, municipal and judicial offices.
- Green areas: Parks and gardens.
- Areas of cultural interest: museums and archaeological sites.
- Market areas.
- Pedestrian areas.
Taking these preliminary considerations into account, two itineraries have been
defined (one for a weekday and one for a day before a holiday), both having the same
starting and ending point, identified with the roundabout near the Roman amphitheater
area.
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Figure 3.28 Bing Maps Aerial view; on the left, circled in red, the position of the roundabout in the
Roman amphitheater area of Cassino and on the right enlarged in detail. (Source: https:
//www.arcgis.com/home/webmap/viewer.html? webmap = 4628bbe4f10b4a81b41b520ba5cae20)

Figure 3.29 Google street view, roundabout in the Roman amphitheater area of Cassino, first exit viale
Bonomi; second via G. Di Biasio.

The routes, therefore, are composed of a series of road sections that are created
between the main streets of the area, referring to the stops, to giving way (including
roundabouts) and to traffic light systems. These constraints in the path are considered
as nodes having distinctive and progressive numbers and determining the beginning
and the end of each section.
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Table 3.4 Tables of road sections existing on streets and squares of the survey route.

Figure 3.30 Pre-holiday route

Figures 3.31 Weekday route

The limitation of the survey with the manual technique of the mobile observer is
the fact that the sampling takes place for less than one minute, therefore often there are
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fewer data than in reality and they are more dispersed; for this reason it is necessary to
carry out a greater number of surveys.
However, the aforementioned technique implies the use of several operators to fill
in special forms created during the survey design phase; to overcome this problem and
allow a single operator to carry out the search, it was decided to add technological
support based on "detection with video images". In fact, a monitoring system has been
devised installed onboard the vehicle and composed of devices that continuously
capture and store data. These, in a subsequent phase, were processed and analyzed by
the operator.
To carry out the survey, two smartphone devices (with an Android operating
system) on which free apps were installed that would allow the collection of data of
interest. Therefore, they have been installed:




Free camera timestamp which is able to record high resolution video images
(1280x720), to superimpose the date, time, street name, municipality,
province and region in which it is located, as well as the GPS location; even
if it is impossible to obtain the data in the form of editable files.
GPS Logger, on the other hand, it allows to extrapolate data relating to the
date, time, GPS position (expressed in latitude and longitude) of the
observation vehicle moving along the route; as it stores and returns
everything in easily processable files but cannot record video images.

Figure 3.32 Placement of devices on the windshield

Before proceeding with the surveys, tests were carried out. These highlighted some
program malfunctions:
- Timestamp camera free returns inaccurate longitude and latitude values,
therefore, it is not reliable on the identification of street names. To remedy
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the problem, the incorrect data were ignored and integrated with those
provided by GPS Logger and Google Earth.
- GPS Logger returns times according to the Greenwich time zone, not
allowing them to be changed. To correct the time, an hour increase was
made to obtain the time in the Italian zone and an additional hour due to the
transition from solar time to summer time.
It was established which software the devices should operate with, how to
physically set them up inside the passenger compartment and how to retrieve and store
the data for subsequent analysis. The measurement campaigns were then conducted
considering both weekdays and pre-holidays. The former made it possible to capture
the movements associated with the presentation of schools, offices and shops. While
in the pre-holidays the morning flows linked to the presence of the markets were
recorded, while in the evening the movements influenced by the activation of the
temporary pedestrian areas were recorded.
The time slots analyzed are the most loaded:
 on weekdays they go from 8.00 to 9.00, (for the arrival of students,
employees, shopkeepers and artisans in the workplace), from 12.00 to 14.00
(time of exit from schools and lunch break) and in the evening from 18.00
at 19.00 (workers and any students still in the area return home).
 on the pre-holiday day, three time slots were analyzed in the morning (8.009.00, 9.00-10.00, 10.00-11.00) to facilitate the passage near the market areas
and one in the evening (20.00-21.00) to cross the areas close to of the
temporary pedestrian ones. Four complete laps were carried out on the
itinerary set for the days examined.
In order to correctly detect the flows, where possible, and to have at least two points
of view, the sections were traveled in both directions of a road section, maintaining
speeds below 30 km/h.
By processing the survey data, the following were obtained:


the number of pedestrians present on the sections (divided by categories:
pedestrians on the right sidewalk, pedestrians on the left sidewalk and
pedestrians crossing);



the geo-localized positions of pedestrians (so as to know where they were
detected);



the times relating to the position of the pedestrian identified on the route.
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The information was obtained by manually analyzing the video images in order to
implement an Excel sheet.

Figure 3.33 EXCEL spreadsheet

Through the VLC multimedia player the videos were processed, adding video
effects that allowed them to be zoomed.

Figure 3.34 VLC media player, panel
access: Video Effects.

Figure 3.35 VLC media player, Video Effects,
Geometry, Interactive Zoom.

Figure 3.36 VLC Media Player, Video Effects, Essential.

The videos relating to the same road section were viewed at least three consecutive
times, in order to verify the correctness of the information. Then the number of moving
or stationary pedestrians were noted in correspondence with the progressive time
period of the video. Having previously implemented the spreadsheet with the values
deriving from GPSLogger (longitude, latitude and time zone) and synchronized the
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shooting time, it was possible to position, within the sheet, the aforementioned
parameters relating to pedestrians, obtaining a correspondence between them.
This was useful for having a QGIS representation of pedestrians within the study
area.

Figure 3.37 QGIS representation of pedestrians detected and present on the study path in the weekday
scenario.

3.2.3 Results of the forecast analysis
From the analyzes with the Space Syntax different results are obtained according
to the type of weight used. Below are the respective thematic representations of the
network with a specific legend for distinguishing the values of the Integration
parameter as the colors change. It was decided to focus on this parameter in particular
since from experimental evidence it appears to be the one that most relates to the
pedestrian movement actually observed on the network (Hillier & Iida, 2005) (Cutini,
1999).
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Segment Analysis – unweighted
INT (400m)
5,00 ÷ 20,00
20,00 ÷ 35,00
35,00 ÷ 50,00
50,00 ÷ 60,00
60,00 ÷ 65,00
65,00 ÷ 70,00

Figure 3.38 Thematic representation of the results of the unweighted analysis, with a legend of the
Integration values based on the colors.

The unweighted analysis refers only to the geometric and topological characteristics
of the network. The downtown area, with more interconnected sections, has the highest
Integration values (red sections). These values decrease as you move away from the
Central Business District (CBD) towards peripheral areas with less connectivity.
2.

Segment Analysis - Pprox Weight

Figure 3.39 Thematic representation of the results of the weighted analysis with Pprox, with a legend
of the Integration values based on the colors.

Unlike the previous analysis, the combined effect of the geographical distribution
of the population and the pedestrian willing to move comes into play in the weighted
analysis with Pprox. The central area continues to have high Integration values (10,000
- 12,000), due to the connectivity of the sections, however, lower values compared to
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the redder areas located to the south (near the railway station) and the eastern limit of
the study area. In fact, in these areas, there is a greater resident population, which
necessarily defines a greater amount of daily movements.

3.2.4 Comparison between real and forecast data
The different thematic representations of the road networks (axial_map_cassino),
analyzed in the GIS environment, allowed to carry out simulations with the Space
Syntax forecasting model, thus obtaining data that were compared with the real ones,
deriving from the surveys. Therefore, two tables linked to the survey scenarios,
weekdays and pre-holidays, were created.
In order to understand how many major campaigns had to be carried out to make
the model stable, different approaches were hypothesized considering the two major
campaigns. The hypothesized criteria can be summarized as follows:
- approach1: the pedestrians detected in the single days of the different
campaigns are entered (for example 3 days of survey return 3 points per
section) to be compared with the forecast data returned by the Space Syntax;
- approach 2: enter the mediated pedestrians per survey campaign (for
example, there are 2 survey campaigns corresponding to 2 points per
section) to be compared with the forecast data returned by the Space Syntax;
- approach 3: the average of all pedestrians detected in the various campaigns
is entered (for example, there is 1 point per stretch) to be compared with the
forecast data returned by the Space Syntax.
This must be repeated separately for both weekdays and pre-holidays.

It was therefore observed that the third scenario allows having a stable model both
in the weekday and pre-holiday scenario; this confirms the hypothesis that the model
stabilizes with more days of observation.
The data were represented with a dispersion model, reporting on the abscissa the
data from the simulations and on the ordinates those of the surveys. The data relating
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to the number of pedestrians have been reported on the ordinates and the unweighted
and weighted integration values (r400m and Prox) on the abscissas, scaled with the
relative maximum value to obtain good readability on a graphical level.

Figure 3.40 Resulting graphs of the survey on the working day

Figure 3.41 Graphs resulting from the survey on the day before holidays

From the graphs, it is possible to draw a trend line to obtain the coefficient of
determination (R2). The R2 allows to understand how reliable the regression is in
defining the variability of the data. Technically, this factor allows to determine the fit
validity of the regression model as a function of the data.
Comparing the graphs it is observed that using the proximity weight compared to
the “unweighted” model there is less dispersion of the data.

3.2.5 Data purification
In the unweighted scenarios, points that deviated from the regression line were
identified and analyzed to understand the reason for these anomalies. It was found that
these were linked to a high number of pedestrians in some areas of the network
characterized by the presence of bus stops, a high concentration of commercial
establishments or the presence of schools/universities.
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Figure 3.42 Graph resulting from the survey on the day before holidays (a) and weekdays (b) not
weighted with the singular points to be purified.

The points related to the presence of educational institutions and bus stops were
therefore excluded, obtaining worse R2 values than the previous model.

Figure 3.43 Graph resulting from the survey on Figure 3.44 Graph resulting from the survey on the
the non-weighted working day without any day before a holiday, unweighted without any
singular points
singular points

3.2.6 Corrective weights
The idea of removing singular points has proved unsuccessful as the determination
coefficients have worsened and the statistical number has been reduced. Therefore it
was decided to identify all the attractors of the area through virtual surveys carried out
with Google Maps. Considering that the transport user travels to these services on foot
only if he is not forced to travel too much, the hybrid approach has been "corrected"
by incorporating further K-factors, as described in the following paragraphs.
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Figure 3.45 Identification of the attractors present in the study area

Corrective shops
The analysis carried out made it possible to identify the various attractors such as
bars, restaurants, grocery stores, shoe shops, clothing stores, etc. which have been
grouped under the name Shops. A further investigation into retail activities was carried
out on Saturdays, when several open market areas are in operation in the center of
Cassino.
Having detected the presence of such entities, they were reported on each section
of the network of the study area. To take this into account in the simulations, a
corrective weight must be entered.

Figure 3.46 commercial businesses present on the network
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Then it is considered that the user uses these services on foot only if he is not forced
to move too much, therefore starting from the proximity approach he was "corrected"
by adding a Kshop multiplication factor.
This weight is evaluated considering not only the density of shops on each section
of the network (expressed as the ratio between the number of shops present on the
single section and the maximum number of shops evaluated on the entire network, in
order to consider the attractiveness of the specific road section) but also the Laverage shops
exhibition length (expressed in terms of percentage of shops on the street front).
In the absence of commercial establishments along the route, the gravitational
criterion has been proposed according to which the user tends to reach adjacent road
sections where various services are provided. The gravitational weight P(prox_shop)
is estimated considering the influence of the surrounding area. According to the
proposed approach, the number of shops falling within the circular crowns of 300 m
and one kilometer is evaluated, these are multiplied by their attractiveness (i.e. by the
respective impedance coefficient (Kuzmyak, Walters, Bradley & Kockelman, 2014))
and normalized for the total number of shops in the area.
P (prox_shop) *

𝐿𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑠ℎ𝑜𝑝𝑠

if n ° shops = 0

𝐿𝑡𝑜𝑡𝑎𝑙 𝑡𝑟𝑒𝑎𝑡𝑠

Kshop =

3.3
P (prox_shop) * *

𝐿𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑠ℎ𝑜𝑝𝑠

n°shops

𝐿𝑡𝑜𝑡𝑎𝑙 𝑡𝑟𝑒𝑎𝑡𝑠 n°maximum number of stores on the network

if n ° shops≠0

Where P (prox_shop) is evaluated as:
1∗n°shops 0−300 m +0.3∗n°shops 300−1000 m
𝑛°𝑡𝑜𝑡𝑎𝑙 𝑠ℎ𝑜𝑝𝑠 0−1000 𝑚

if n ° shops = 0

P (prox_shop) =

3.4
1

if n ° shops≠0

Where n°shop 0-300 m represents the number of shops falling within the radius of 300
m and n°shop 300-1000 m is the number of shops falling in the buffer between 1000 m and
the radius of 300 m.
The new Kshop factor can be incorporated into the weight evaluation following the
configurational analysis in order to evaluate a correlation with pedestrian activity for
each road section examined. With the hybrid approach, significantly better correlations
are obtained with respect to the starting values. A Pearson correlation coefficient (P)
of approximately 0.94 was also derived (see Figure 3.47). This shows that pedestrian
flows are influenced not only by the configuration of the network but also by the
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presence of particular attractors. Therefore the quantitative variables used are well
correlated and the model is statistically significant.

Figure 3.47 Results with weighted hybrid analysis

The corresponding regression statistics of the model obtained are also conveniently
reported.

A statistical linear regression model was used to describe the correlation between
the pedestrian count measured per single pass and the independent variable, INT(Prox)
* Kshop.
It is worth noting that regression models other than linear did not show similar
significant agreement (correlation) with the measured data. In fact, despite its naive
nature, the linear model seems to highlight some important results for the two scenarios
examined (weekdays and pre-holidays):
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the constant term is similar for both weekdays and days before holidays,
thus providing evidence that there is a “basic level” of pedestrian activity
that is independent of the specific day of the week;
the slope of the model is apparently different; in fact, it is much higher for
the days before holidays, proving a greater propensity of citizens to move
on foot on the days before holidays (perhaps also due to the presence of
different local market areas that are able to attract more customers even
from neighboring municipalities).

Corrective bus stops
To take into account the presence of bus stops scattered throughout the area, which
generate aggregations of users at certain times of the day, an additional Kbus corrective
factor was used. The latter has been multiplied by the correct hybrid approach:
INT (Prox) * Kshop * Kbus
3.5
For the evaluation of the Kbus weight the procedure is similar to that for the Kshop.
Urban and extra-urban transport stops were then identified on the network.

Figure 3.48 Urban and rural transport stops in Cassino

Then through the timetables on the sites (Cassino informa, 2019) (Cotral Spa, 2019)
the number of buses crossing the analysis area in the different time slots were counted.
Also, in this case the gravitational criterion is applied according to which the user
tends to move towards the bus stop next to him. The proximity weight P(prox_bus)
takes into account the proximity to other sections where there are stops, so it can be
estimated considering the impedance function(Kuzmyak, Walters, Bradley, &
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Kockelman, 2014) and the bus stops present in the circular crowns between 0 and 1000
m. Summarizing, the Kbus is evaluated as:
P (prox_bus)

if n ° bus stops = 0

3.6

Kbus =
n°urban buses+n°extraurban buses

P (prox_shop) *

n°total bus on the network

if n ° bus stops ≠0

where P (prox_bus) is estimated as
1∗n°bus stops 0−300 m +0.3∗n°bus stops 300−1000 m
𝑛°𝑏𝑢𝑠 𝑠𝑡𝑜𝑝 0−1000 𝑚

if n ° bus stops = 0

P(prox_bus) =

3.7
1

if n ° bus stops≠0

Where n°bus stops 0-300 m represents the number of stops falling within the radius of
300 m and n°stops 300-1000 m is the number of shops falling in the buffer between 1000 m
and the radius of 300 m.
With the new hybrid approach, by incorporating the Kbus, clearly, better correlations
are obtained with respect to the starting values. Even if the correlation worsens
compared to the use of Kshops alone; this may be due to the fact that the whole day was
considered and not the time slots (therefore the reduction of bus trips on days before
holidays or the non-homogeneous number of buses circulating on the network are not
considered). A Pearson correlation coefficient (P) of 0.95 was also derived (see Figure
3.49). Therefore the quantitative variables used are well correlated and the model is
statistically significant.

Figure 3.49 Results with weighted hybrid analysis

The corresponding regression statistics of the model obtained are also conveniently
reported.
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As also observed in the previous paragraph, the linear model seems to highlight
some important results for the two scenarios examined (weekdays and pre-holidays):
- the constant term is similar for both weekdays and days before holidays,
thus providing evidence that there is a “basic level” of pedestrian activity
that is independent of the specific day of the week;
- the slope of the model is apparently different; in fact, it is much higher for
the days before holidays, proof of a greater propensity of citizens to move
on foot on the days before holidays (perhaps also due to the presence of
different areas of the local market that are able to attract more customers
even from neighboring municipalities and a reduction of extra-urban bus
rides compared to weekdays).
Corrective schools
Other singular points that attract many users are the schools. Therefore it was
necessary to identify the schools of different types and levels (childhood, primary,
secondary, university) and then report them geo-referenced on the network.
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Figure 3.50 Schools present in the study area

Then through the ministerial sites (Ministero dell'Istruzione, 2020) or the schools
themselves have evaluated the pupils enrolled in each school, this has made it possible
to estimate the weight.
Also in this case it was considered that the user moves on foot only if the school is
not very far from his home. A proximity weight P(prox_ school) has been created
which takes into account the proximity to other routes where there are schools. Then
the impedance function was used (Kuzmyak, Walters, Bradley & Kockelman, 2014),
considering the schools present in the circular crowns between 0 and 1000 m.
Summarizing the weight linked to the presence of schools (Kschool) is evaluated as:
P (prox_bus)

if n ° schools = 0

3.8

Kschool =
P (prox_shop) *

n°pupils enrolled in school

n°total pupils enrolled in school on the network

if n ° schools≠0

where P (prox_school) is evaluated as:
1 ∗ n°schools

0−300 m

+ 0.3 ∗ n°schools

𝑛°𝑠𝑐ℎ𝑜𝑜𝑙𝑠

300−1000 m

if n ° schools = 0

0−1000 𝑚

P(prox_school) =

3.9
1

if n ° schools≠0
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Where n°schools 0-300 m represents the number of schools falling within the radius of
300 m and n°schools 300-1000 m is the number of schools falling within the buffer between
1000 m and the radius of 300 m.
With the new hybrid approach, incorporating the Kschools, significantly better
correlations are obtained with respect to the starting values; even if the correlation
worsens compared to the use of Kshops alone; this may be due to the fact that the whole
day has been considered and not the time slots (therefore the closure of schools on the
days before holidays is not considered). A Pearson correlation coefficient (P) of
approximately 0.96 was also derived (see Figure 3.51). Therefore the quantitative
variables used are well correlated and the model is statistically significant.

Figure 3.51 Results with weighted hybrid analysis

The corresponding regression statistics of the model obtained are also conveniently
reported.
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Comparing the correlations obtained here with the previous ones, an improvement
is observed. This highlights that the proximity approach alone, let alone the
configurational approach, alone isn’t able to represent pedestrian movements in a
realistic way analyze data on an hourly basis, not on a daily average.

3.2.7 Generalization of the model
Known the functioning of the Space Syntax forecasting system, it was decided to
generalize the model. A simulation was performed, with and without the use of
weights, dividing the survey area into four quadrants identified by a buffer with a
radius of 400 m.

Figure 3.52Cassino subdivision into four quadrants
with buffer 400
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Figure 3.54 Qgis; Axial_map_cassino divided into four quadrants

The simulations were then carried out; the result was compared with the number of
pedestrians in the sub-areas, extrapolated from the survey of the pre-holiday and
weekday scenarios.

Figure 3.55 Resulting graphs relating to the survey on the weekday, simulation without weights.
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Figure 3.56 Resulting graphs relating to the survey on the day before holidays, simulation without
weights.

As previously done, simulations with and without weights were performed with the
Space Syntax first considering the quadrants individually (Q1, Q2, Q3, Q4) and then
coupling the quadrants two by two (Q1Q2, Q2Q3, Q3Q4, Q1Q4).
By comparing the number of pedestrians with the Space Syntax forecast data using
a power regression line, the following parameters were obtained.
Unweighted analysis
Weekday
ID site
Q1
Q2
Q3
Q4
Study area
Q1Q2
Q2Q3
Q3Q4
Q1Q4

A
135,9
156,42
88,957
106,1
120,79
390,56
131,24
129,42
401,12

B
0,3183
3,0849
0,6138
1,3489
0,9586
0,9571
0,7599
0,1888
1,1553

INT(prox)
Pre-holiday

2

R

0,2268
0,4236
0,2352
0,5371
0,308
0,6909
0,2707
0,07
0,3762

A
137,46
4,21
118,18
137,65
152,81
369,64
85,532
331,61
242,86

B
0,146
-0,38
0,2251
1,2844
1,0771
1,0771
0,542
0,2798
0,8324

Weekday
2

R

0,0726
0,4225
0,0195
0,5408
0,3078
0,3869
0,0513
0,1512
0,3265

A
114,4
73,463
48,533
62,81
102,51
174,63
70,001
73,21
500,69

INT(prox)* K shop
Weekday
ID site
Q1
Q2
Q3
Q4
Study area
Q1Q2
Q2Q3
Q3Q4
Q1Q4

A
329,93
248,29
284,49
249,71
88,562
217,13
228,13
176,22
1931

B
0,6477
0,4761
0,5302
0,6643
0,6211
0,2881
0,416
0,4904
0,8735

2

R

A
418,81
160,46
367,7
148,61
229,78
269,22
311,32
221,45
196,4

B
0,6739
0,2946
0,4757
0,2852
0,3897
0,3344
0,414
0,3332
0,2915

Pre-holiday
R

2

0,4324
0,6248
0,0495
0,3891
0,307
0,3929
0,0706
0,2841
0,4145

A
113,47
31,298
62,632
82,682
102,32
132,09
33,867
112,07
151,06

B
0,6857
0,02894
-0,647
0,9827
0,8296
0,5954
0,264
0,9678
0,7652

2

R

0,16
0,1843
0,127
0,4493
0,184
0,1382
0,0129
0,3326
0,3756

INT(prox)* K shop*Kbus*Kschool
Weekday
Pre-holiday

Pre-holiday
0,8597
0,8692
0,9318
0,7337
0,2453
0,5893
0,8629
0,6936
0,649

B
0,0479
1,6557
-0,317
1,0305
0,9444
0,5988
0,3303
0,9141
1,3293

R

2

0,9402
0,7366
0,8504
0,5606
0,6483
0,7495
0,8137
0,6052
0,6236

141

A
507,41
313,89
1277,8
947,13
94,432
286,53
506,45
638,66
8107,8

B
0,447
0,3814
0,625
0,6609
0,7399
0,2461
0,4342
0,5462
0,8166

2

R

0,8747
0,9323
0,8367
0,8036
0,3373
0,6025
0,8704
0,8062
0,6677

A
403,4
167,36
1618,7
239,32
242,27
457,65
570,53
175,55
312,16

B
0,3571
0,2476
0,6396
0,728
0,3816
0,3249
0,4073
0,2341
0,2767

2

R

0,5821
0,7105
0,9229
0,5226
0,6222
0,6888
0,8079
0,4917
0,5962
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It is observed that the correct hybrid approach with the different weights (taking
into account the attractors present in the area) turns out to be the one that best manages
to estimate the pedestrian flows.
To generalize the model, it was decided to compare the multiplicative coefficients
(A) and the exponents (B) of the regression lines (power-polynomial) with the
population, the population density and their product and ratio.
By combining the data of the different scenarios, keeping the weekdays and the preholidays separate, regression lines were obtained (power in the population-density
comparison with the multiplicative term and linear in the comparison with the
exponent) with which the generalization was obtained:
°
𝑁𝑃𝑒𝑑𝑒𝑠𝑡𝑟𝑖𝑎𝑛𝑠
= *𝐴𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (𝐼𝑁𝑇)𝐵𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛
°
𝑁𝑃𝑒𝑑𝑒𝑠𝑡𝑟𝑖𝑎𝑛𝑠
= *𝐴𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝐼𝑁𝑇)𝐵𝑑𝑒𝑛𝑠𝑖𝑡𝑦
°
𝑁𝑃𝑒𝑑𝑒𝑠𝑡𝑟𝑖𝑎𝑛𝑠
= *𝐴𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛/𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝐼𝑁𝑇)𝐵𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛/𝑑𝑒𝑛𝑠𝑖𝑡𝑦
°
𝑁𝑃𝑒𝑑𝑒𝑠𝑡𝑟𝑖𝑎𝑛𝑠
= *𝐴𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛∗𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝐼𝑁𝑇)𝐵𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛∗𝑑𝑒𝑛𝑠𝑖𝑡𝑦

where:

𝐴𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = Multiplicative* Populationexponent (similarly applies to density and to
the ratio / product of density and population);

𝐵𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = Multiplicative * Population + Known term (similarly applies to
density and to the ratio / product of density and population);
INT = forecast value of pedestrians obtained with the Space Syntax (with and
without corrective weights)
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From the calculations, it can be deduced that the coefficients A and B of the function
have no direct link either with the population or with the density or their ratio/product.
This depends both on the configuration of the network that falls within the quadrant,
but also on the number of sections detected; that is, there are quadrants in which
pedestrian surveys have been carried out on a greater number of sections unlike other
quadrants. Therefore it will be appropriate to carry out further surveys on the network
of the study area and apply this model to larger conurbations which will then be divided
into neighborhoods.

3.3 The variation of non-motorized flows
The model presented so far allows to estimate the pedestrian flow, also called
crowding, linked to the instant of detection and to the site. But to reorganize or design
an area it is necessary to know the average daily use of structures, such as for vehicular
traffic in which the Annual average daily traffic (AADT) is evaluated. Unfortunately,
little is known about the variability of non-motorized traffic. The information available
is limited because up to now very few public authorities have collected and analyzed
continuous data on non-motorized traffic. This means that you have data relating to a
single monitoring location with which you can illustrate the variability of the site, but
may not be indicative for other locations. Therefore, models should be calibrated that
consider, for example, the daily variation of non-motorized traffic based on the
location and purpose of the trip. To simplify the problem, the daily pedestrian patterns
has been used. From an analysis of the literature it is observed that these are stable and
have similarities with the vehicular ones.
For example, by comparing the cycle and pedestrian patterns with the hourly
vehicular patterns, peaks are observed in the same time bands even if the nonmotorized peaks are less pronounced than the peaks of cars.

143

Chapter 3

PEDESTRIAN FLOWS EXPOSURE

Figure 3.57 Comparative variability of the automobile (left)(taken from Ryuset al.,2014) and bicycle

Figure 3.58Pedestrian daily pattern(Lu, T. 2016)

In order to enter the patterns, however, it is necessary to know the flows. Assuming
that the observer is stationary and observes the pedestrians proceeding at a speed equal
to that of the vehicle with which the survey is carried out. In the travel time (tP) of the
road section, a certain number of pedestrians are observed which follows a negative
exponential distancing law. So it can be said that the range is the inverse of the average
time spacing.
qped=𝑡

1

𝑎𝑣𝑒𝑟𝑎𝑔𝑒

1

qped= 𝑡1+𝑡2+𝑡3+𝑡𝑝−(𝑡1+𝑡2+𝑡3)
4

where
qped is the pedestrian flow along the road
axis;
ti are the instants that make up the travel
time;
4 represents the average spacing values
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Leaving the section immediately after the final instant, there may be a last
pedestrian that you cannot see. To capture this too, the average of the distances is
considered (pedestrian count + 1).
Generalizing is obtained
𝑝𝑒𝑑𝑒𝑠𝑡𝑟𝑖𝑎𝑛 𝑐𝑜𝑢𝑛𝑡+1
𝑡𝑃

qped=

3.10

it is known that
𝐿𝑒𝑛𝑔𝑡ℎ 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑖

tP=

3.11

𝑉𝑣𝑒ℎ𝑖𝑐𝑙𝑒

The pedestrian flow can be written as the product of pedestrian density and speed
qped=ρped*Vvehicle
3.12
from which
qped

ρped=𝑉

3.13

𝑣𝑒ℎ𝑖𝑐𝑙𝑒

Note the flow rate or density for a defined time slot, you can enter a typical pattern
and scale it using a single factor, the crowding ratio of the crossing, in order to obtain
the pedestrian variation data for other time slots as well.
The crowding ratio allows to estimate the percentage of people crossing starting
from the pedestrian flow along the road axis. By means of this factor it is, therefore,
possible to identify the points in which, considering the concatenation with the site
variables rather than with the vehicular flows, there is a greater vulnerability of
vulnerable users.
To obtain the crossing crowding ratio, the crowding data with the pedestrians who
crossed the road during the surveys were then compared, the following correlation was
obtained:

Figure 3.59Crossing crowding ratio
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Observing the correlations, it is highlighted that the coefficients of the model are
similar in the two scenarios, this suggests that the propensity to cross is constant
throughout the week.
Not knowing how the pedestrian flow is distributed on the pedestrian crossings, it
is possible to calculate a crossing flow rate on the section on an hourly basis.
Note the length of the road section (Sg), the average distance between the different
crossings (k) and the width of the crossing (Li = 4.5m), the exposure length for each
crossing (Lexp) can be evaluated. It is assumed that 50% of people use the stripes to
cross and the remainder crosses out of these (g = 2).

Figure 3.60 Representative quantities of the pedestrian crossing

𝐿𝑒𝑥𝑝 = 𝑛°pedestrian crossings on the section ∗ 𝐿𝑖 ∗ 𝑔
𝐿𝑒𝑥𝑝 =

𝑆𝑒𝑐𝑡𝑖𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ
𝑘

3.14

+ 1) ∗ 4.5 ∗ 2)

Therefore, it is possible to evaluate the crossing exposure time (Texp) by knowing
the average speed of the car (Vveh) with which the survey is carried out.
Lexp

Texp=Vveh

3.15

This allows evaluating the pedestrian crossing flow with which the pedestrian
exposure is evaluated.
(𝑛° 𝑜𝑓 𝑝𝑒𝑑𝑒𝑠𝑡𝑟𝑖𝑎𝑛𝑠 𝑐𝑟𝑜𝑠𝑠𝑖𝑛𝑔⁄𝑘)∗3600

Qped_crossing= n° pedestrian crossings on the section

3.16

This will be one of the factors that will make it possible to evaluate a risk-based site
prioritization index (see Paragraph 5.1).

3.4 Estimated cycle/pedestrian flow: demand driven
model
Since the middle of the last century, researchers have been trying to solve the
problems associated with vehicular outflow. Since the development of the motorized
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transport system has highlighted the problem of maintaining and improving driving
safety conditions, it is also necessary to start thinking about the safety of the "new"
ways of getting around, namely walking or pedaling.
To properly manage and design the transport system it is necessary to estimate the
demand for mobility; the latter represents the number of people who move in a certain
period of time to take advantage of goods and services differently located in the
territory.
The demand for mobility depends on numerous factors such as:
-

-

the localization on the territory of the activities that the user uses on a daily
basis;
the offer of the transport system (the infrastructure is planned, sized and
managed to satisfy the request for activities to be carried out and for trips to
be made);
the organization of the residences, depending on the level of accessibility
that is adequate for the system of localized activities and the transport
system offered.

Figure 3.61 Operation of the transport system

Performing a mobility study means:
1. Identify the study area in which the effects produced by the changes made on
mobility are exhausted;
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Divide the study area into a finite number of zones (zoning). A centroid is
associated with each zone; in the latter it is assumed that all the points of
origin/destination of the movements are fictitiously concentrated.
Define an offering model of the transport system with which the infrastructure
on which the transport services take place (road axes, railways, stations, etc.)
is graphically represented by associating each element with precise quantitative
characteristics (e.g. travel time , waiting time, costs, etc.)
Estimate (through surveys or models) the transport demand affecting the study
area; this means building an OD matrix that represents the movements that
affect the study area, in a certain period of time (hour, time slot, day, year),
mode (feet, car, bus, etc.) and reason for the movement (home-work, homeacquired, etc.)

5.

Simulate the demand/offer interaction (calculation of traffic flows on the
different components of the system).

In this section, the estimate of demand will be analyzed, bearing in mind its
variability over time (an element of greatest difficulty in estimating and forecasting
analyzes). The question can be evaluated both with direct surveys and with
mathematical models.
Direct surveys are interviews or counts that are carried out on a population sample,
with the aim of verifying the current functioning of the Transport System and then
calibrating or improving the mathematical models. The latter allows to estimate current
and future demand according to the socio-economic and territorial characteristics of
the study area and the transport system operating in it. Their use is justified by the
difficulty of predicting the impacts resulting from the implementation of interventions
on the system components or to carry out in situ experiments (for costs and
organizational problems), as well as the complexity of the mobility phenomena.
In literature, for the motorized flows in order to estimate the demand either
gravitational models or four-stage models (behavioral - descriptive) are used; the latter
have also been adapted in studies to estimate the demand for non-motorized travel.
As is known, the four-stage model consists of the product of four sub-models,
namely:
- generation or emission: simulates the choice of whether or not to move,
from the origin zone O, for the reason s in the reference time period h, d0
(s, h);
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distribution: simulates the choice to go to destination d, having origin in O
and the reason for the displacement s in the period h, p (d/osh);
modal choice: simulates the choice of the means to use to move from O to
for reason s in the time period h, p (m/odsh);
path choice: simulates the choice of the path used to move from O to D for
reason s with mode m in time period h, p (k/modsh).

Figure 3.62 Four-stage model

3.4.1 Model of generation or emission
As already mentioned, the emission model allows to calculate the average number
of trips issued from the area of origin O for the reason s, in a defined time reference
period.
Di(Osh) =ni(O)*pi(Osh)
3.17
where is it:
Di(osh): Number of users of category i who move in time interval h, for reason s,
from zone O.
ni (O): Number of members of category i who are in O.
pi(Osh): percentage of users who move, therefore the average number of
movements of users of category i, in the interval h, for the reason s, starting
from zone O.
Therefore it is necessary to identify the reasons for the displacement, which can be
of various kinds, such as:
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homebased
accompaniment
shopping
medical visits
sport
handling practices
leisure/free time.

In the case in question, the data of the emission model were extracted from Istat
microdata 2011. Thus a commuting home-work/home-school commuting matrix is
obtained; these must therefore be compared with those of the commuting matrix
appropriately scaled for the reason (feet 17% of total journeys, bicycle 0.57% of total
journeys) to verify whether they are comparable or scalable; this would allow the
model to be used for other reasons as well.

3.4.2 Distribution model
As already mentioned, this model is used to calculate the percentage of trips that,
starting from the area o, for the reason s, goes to the destination d.
The distribution model schematizes the choice of destination for a shift between the
possible destinations, allowing to evaluate the future scenarios linked to the urban
changes that occur in the territory. Therefore, the destination actually chosen to carry
out a certain activity is not a traffic area but one (or more) elementary destination (for
example a shop, an office, etc.) contained therein.
Also, in this case, starting from Istat data, the activities present were identified for
the various census sections, but since the distribution of users originally was not
available, starting from the census on industries, an average distribution value was
estimated over the entire study area imagining that this value can be spread uniformly
in origin for all census areas.

3.4.3 Modal choice model
The modal choice model allows to calculate the travel rate that chooses the mode
m, going from the area of origin o to the destination d for the reason s. Usually, the
term "mode" is used and not "means" of transport as in urban systems the possibility
of moving on foot can also be considered.
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The most used models are almost exclusively behavioral models; these can be
developed with reference to the homogeneous categories of users adopted for the issue
and distribution model.
To predict modal choice, it is necessary to understand the factors that predict travel
behavior:
- Time is the variable that influences the perception of the trip, which influences the
choice of the route; in fact the user chooses the mode that allows to minimize times
and distances.
- Capacity: therefore the presence of adequately designed structures (such as wide
sidewalks in commercial or densely residential areas, cycle paths in city center
areas, presence of bus shelters, etc.);
- Type of trip: depending on the reason for the move, you are pushed to choose a
different mode based on the distances in which the services are allocated;
- Travel costs that depending on the mode used, for example walking can be very
cheap if not free while the use of the car requires maintenance costs, rather than
fuel etc.
- Environmental, health and safety considerations: the use of motorized vehicles
associated with sedentary life has led to the development of numerous diseases
therefore the practice of using sustainable means is spreading which, in addition to
reducing environmental impacts allows to improve health conditions.
- The feeling of safety: the fear of being in danger can be modified according to the
presence of exclusive routes for the different ways, which allows users to increase
or reduce the perception of safety.
Taking all these parameters into account in a model is not easy. This would require
assessments that take into account a much more precise and detailed geographic level
and also physical factors to measure network performance. But this data is not
adequately processed in most large-scale survey tools (such as metropolitan travel
surveys or the national personal transportation survey), so analysts often borrow data
from analyzes usually scheduled for others purposes.
Also in the case in question, as detailed data deriving from the surveys were not
available, the starting point was the Istat commuting matrix. This presents the data
relating to commuting trips (home-based-work/home-based-school), diversified by the
different modes of travel, referring to a municipal area, having a certain duration over
time (up to 15 minutes, from 16 to 30 min, from 31 to 60 min, over 60). It has been
hypothesized that the average behavior in terms of duration and modality, acquired on
a municipal basis, can be considered valid at the scale of the single census area.
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In reality, this is an approximation, since the choice of transport mode is influenced
by:
- the cost of the journey both in terms of duration and ancillary costs (parking
cost, subscription cost, etc.);
- family income that affects the possession of a means of transport;
- the offer of transport, therefore the road network, the pedestrian or cycle
network, the offer of public transport, etc;
Furthermore, the time used to make the move is influenced by:
- congestion and configuration of the road network;
- territorial and orographic extension of the municipal territory.
Starting from a certain census area to understand how the movement is distributed
over the other areas, knowing the centroid-centroid distances between the origin area
and all possible destinations, one enters the impedance functions to derive the
movements for the different modes of transport.

3.4.4 Route assignment or choice model
The assignment model provides the percentage p (k/mods) of displacements that
use path k, relative to mode m, to go from o to d for the purpose s.
Once the actual movements on the different o-d pairs have been evaluated, it is
necessary to load them on the road network to check whether the infrastructure is able
to offer a satisfactory service to users, guaranteeing safety and full use. The interest of
this study was to estimate the relative flows in order to understand which road sections
should be redesigned with greater attention and using simplified methods to
understand the distribution of these on the network.
The cycle network
After evaluating the cycle flow, as previously described, a matrix od. This was then
loaded on the QGIS (only as an attribute table) and through the plugins Flow maps
(ousins) the lines of desire relating to cycle journeys were represented (in graphic
form).
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Figure 3.64. Graphic rendering of the lines of desire (taken
from QGIS)

Following the construction of the linear layer, representing the road network broken
down into sections (each of which is associated with an identification ID), the analysis
was started to load the respective flow on each segment. To do this, the geoprocessing
tools of the Qgis program have to be used with which a buffer has been built for each
line of desire that intersects the road network. The size of the buffer, relative to each
flow line, derives from a careful study in which the path obtained from the intersection
(between the road and the buffer of the desire lines) was compared with that obtained
on google maps.

Figure 3.65 Representation of the 'fixed distance buffer' (taken from QGIS)

The final choice fell on a buffer width ranging from 0 to 45 meters in radius. Using
the 'intersection' tool of the Qgis, it was possible to obtain for each road section all the
origins-destinations that intersected the section of interest.
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Figure 3.66 Representation of the 'fixed distance buffer'. (taken from QGIS)

Once the geoprocessing tools have been applied, the program returns, in the form
of analytical data, the results in tabular form, showing the ids of the roads affected by
the flow, the origins, the destinations and the value of the flow itself.

Figure 3.67 Attribute table returned upon application of the 'intersection' geoprocessing tool

By combining the flow data relating to the same identifier, the total flow on the single
section was obtained. It can be observed that with a buffer at a radius of 0 m, an
underestimation of the flows is obtained, while with a radius of 45 m, flows are
overestimated. Therefore, to obtain more realistic flows, the data obtained with buffers
0 and 45 m were averaged.
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Figure 3.69 Estimated flows with 45 m buffer

Figure 3.70 Flows estimated as the average of the flows obtained with buffers at 0 and 45 m radii

The data thus obtained show that the areas that are most heavily loaded by cycling
flows are those of the central area or characterized by the presence of attractors
(schools, shops, bars, etc.). These preliminary data make it possible to assess whether
the network currently manages to safely contain these movements or whether
improvements should be proposed.
Then the flow file is loaded into QGIS in order to make a comparison with the urban
traffic plan (PUT). The PUT is a set of coordinated interventions for improving the
conditions of road traffic in the urban area, pedestrians, public transport and private
vehicles, which can be carried out in the short term, a two-year period, and in the
hypothesis of providing infrastructure and means of transport substantially unchanged.
In this perspective, the PUT is aimed at obtaining:
1. the improvement of traffic conditions;
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the improvement of road safety;
the reduction of atmospheric and acoustic pollution;
the containment of energy consumption;
respect for environmental values.

The New Highway Code (art. 36, Legislative Decree 30/04/1992 n ° 285) (ACI Automobile club of Italy, sd) provides for the drafting of the Urban Traffic Plan for
municipalities that meet one of the following conditions:
i.
ii.
iii.

population over 30,000 inhabitants;
seasonal presences exceeding 10,000 units;
municipalities where there are high requirements for environmental
protection.

The objective is therefore to assess whether the urban plan envisaged by the PUT
satisfies the demand for cycle transport which has been assessed through the analysis
of ISTAT data relating to the 15th census.
By superimposing the flows on the PUT (urban traffic plan) it was observed that
the central areas, where most of the flows are concentrated, are used as a cyclepedestrian area and that the planned tracks seem to cover most of the heavily loaded
section. From these estimates of flows, however, it can be observed that the area
adjacent to the mother church and the covered market seems to be devoid of a cycle
path, therefore, probably the network could be integrated with further sections that
would close the city center mesh.
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Figure 3.71 Loaded cycle network representation of flows compared with the geographical reference
of the PUT: (taken from QGIS)

The pedestrian network
A procedure similar to that described for the cycle network was carried out for the
pedestrian network; even if it was necessary to observe that the movements carried out
on foot are independent from the direction of travel and are reversible (i.e. the
movement can be the same if one moves from A to B or from B to A) therefore the
network has been discretized in way denser than the cycle path.
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Figure 3.73 Estimated flows with 45 m buffer

Figure 3.74 Flows estimated as the average of the flows obtained with buffers at 0 and 45 m radii

Observing the graphic outputs, as for the cycle path, it can be observed that the
estimated flows with buffer at radius 0 are underestimated, with radius 45 they are
overestimated, so the right compromise is the average of the two flows. Also in this
case, the greatest flows are concentrated in the central area of the city or in areas where
particular attractors are present.

3.5 Conclusions
Given the ever-increasing need to design routes dedicated to vulnerable users in the
urban environment, two models have been proposed and calibrated:
- for the estimation of the pedestrian flow an original hybrid approach has
been calibrated which employs a combined configurational analysis of the
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aptitude for use of the land. The results of the simulations were compared
with the pedestrian counting conducted in the central area of Cassino.
- for the estimation of cycling and pedestrian flows, a demand-driven model
has been calibrated, ie a model similar to the four-stage vehicle.
The idea is to integrate the vehicle traffic component with pedestrian and cycle
flows. This requires a reduction in the risk of contrast which requires exposure
estimation. To do this, an exposure forecasting methodology was developed that would
allow planners to take a more proactive role in risk assessment when real collision data
are not available.
Further improvements are planned regarding:
i. increase the number of pedestrians detected to improve statistical
significance;
ii. experimentally validate the proposed methodological approaches;
iii. extend the proposed methodologies to different urban contexts.
However, the preliminary results obtained seem quite promising and allow us to
state that the developed approaches can provide a qualitative and satisfactory estimate
of pedestrian/cycling movements compared to what has been obtained so far in the
scientific literature. It is believed that the assessment of pedestrian and cycling
movements can constitute valid support for the study of injuries related to vulnerable
users of the urban area.
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CHAPTER 4. ROAD USER
VULNERABILITIES
According to world statistics, most accidents involving vulnerable users occur in
urban areas. This happens because the spaces shared between motorized traffic and are
not reduced or poorly managed. In order to protect pedestrians and cyclists, but
indirectly also motorists, it is advisable to analyze all the points or sections of the road
network in which the greatest number of accidents have occurred over the years. This
makes it possible to identify the most recurrent accident scenarios but to foresee the
measures to be implemented to reduce or eliminate them it is necessary to start riskbased engineering investigations. Therefore, data on the number, recurrence,
localization and dynamics of accidental events (Ebner A., 2010) (Ebner, Samaha,
Scullion & Helmer, 2010) should be found, as well as the severity of the consequences
for people.
Such data, in Italy, are often difficult to find and the ISTAT database is not useful
since it does not provide a detailed location of the accident or a precise description of
the dynamics.
Instead in many European countries, in-depth accident databases (GIDAS, 2010)
(UMTRI, 2005) are already available to help understand the mechanisms of injury and
tolerance of the human body to provide an operational framework for investigating
real-world pedestrian accident scenarios (Bahman SR, 2005) (Kong CY, 2010) (Naif
AS, 2009) (Olukoga IA., 2003) (Otte D, 2003).
These data together with the biomechanical knowledge (with which it is possible to
know the tolerance of the human body to stresses and to attribute criteria that classify
the injuries suffered by the occupants of the vehicle) have made it possible to start
studies whose purpose was to define the vulnerability prediction functions (Helmer T.,
2009).
Evaluating vulnerability means defining the results of an impact, this means
examining what in the reconstruction of an accident is called the post-impact phase.
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Before this, the pre-impact and impact phases may be encountered; in the first, the
driver of the car detects the presence of the pedestrian and activates the maneuvers to
avoid the accident, while in the second there is a collision.
According to the trajectories followed by the pedestrian in the post-impact phase,
vehicle-pedestrian accidents are differentiated into non-free trajectories (due to the
presence of obstacles) or free ones (the final position of the pedestrian is determined
only by the configuration of the impact).
Numerical analyzes based on empirical formulations are usually used for the
reconstruction of accidents involving pedestrians, although the use of software that
makes use of multi-body simulation is increasingly widespread. By means of the multibody simulation codes, once the initial conditions have been imposed, it is possible to
describe the motion of the bodies involved and, as a function of the dynamics, allowing
to evaluate of the induced damage. The help of the software allows you to perform
calculations quickly and to obtain a 2D or 3D graphic representation that faithfully
reproduces the real scenario. In order to obtain realistic analyzes, the software allows
to carry out direct analysis, called Forward Calculation, in which the simulation of an
accident is repeated iteratively by varying the initial parameters.
In this chapter a new methodology aimed at enriching the existing pedestrian
vulnerability prediction functions by the information on kinematic (acceleration,
speed, etc.) and mechanical (moments, cuts, normal stresses, etc.) outcomes provided
by multi-body simulation codes is proposed.

4.1 Dynamic vehicle-pedestrian collisions
Reconstructing the dynamics of the pedestrian-vehicle collision is not a simple task
as this depends on the concatenation of many factors such as the physical ones of the
vehicle (type, speed, etc.) and of the pedestrian (characteristics, the position taken at
the moment of impact, age, etc.), the atmospheric, urban, legislative, psycho-physical
ones of the driver, etc.

4.1.1 Pedestrian-vehicle collisions
Kinematics and pedestrian injuries in vehicle accidents are affected by numerous
factors such as impact speed, vehicle type, stiffness and shape of the vehicle front
(such as bumper height, hood height and length, windshield frame), age and build of
pedestrians, as well as the pedestrian's starting position relative to the front of the
vehicle(Yang J.K., 1997).
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In this work, the "free trajectories" were analyzed. These allow to model the
collision between vehicle-pedestrian and the subsequent motion of the pedestrian in a
series of consecutive phases.
During the first phase, called contact, the pedestrian collides with a part of the body
the car; based on the extent of the impact, the pedestrian is subject to acceleration. In
this phase, the car, depending on the shape of the front, lifts the body which is loaded
on the bonnet. According to the speed, the body is projected forward or sideways and
finally there is a rolling or sliding phase on the ground.

4.1.2 Types of free trajectories
Basically, it is possible to distinguish two types of free trajectories:
- Forward projection;
- Wrap or winding.
The Wrap trajectory, the most common, allows to identify three other types of
trajectories that can be considered particular cases of the same, namely:
- Fender Vault;
- Roof Vault;
- Somersoult.
In Forward Projection the height of the center of gravity of the pedestrian (hcg) is
placed below the height of the upper edge of the front of the vehicle (Hc). It is
substantially realized in all those cases in which the pedestrian is hit in full, that is the
central area of the front of the vehicle where the collision occurs.

Figure 4.1 Center of gravity and diagram of the forces acting on the pedestrian with subsequent
motion
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The typical cases are those in which the collision between an adult pedestrian and
a truck or bus occurs, or in the case in which there is a collision between a child and a
vehicle that has a higher front than its center of gravity.
Therefore, the individual phases of the trajectory can be summarized as follows:
- a primary impact;
- the acceleration of the pedestrian in the horizontal direction up to the exit speed
from the impact, close to that of the vehicle;
- free flight, with the almost horizontal direction of launch;
- ground impact;
- motion on the ground to the position of rest.
If the vehicle does not break, the pedestrian may roll or drag with a consequent
change in the state of rest.
In the Wrap-type trajectory when the pedestrian is fully hit, the height of the center
of gravity of the pedestrian is greater than that of the height of the upper edge of the
vehicle front.
By schematizing the pedestrian as a rigid body, the motion that is given to it
following the impact is a horizontal translation and a rotation around the center of
mass.
Consequently, the pedestrian wraps around the hood of the vehicle with the
subsequent impact of the head on it or on the windshield. In this regard, a fundamental
parameter is introduced, the Wrap Around Distance (WAD).
It is defined as the distance from the point of contact with the front of the bumper
to the ground at the point furthest from the front. This parameter is influenced by the
impact speed of the vehicle, the length of the hood and the height of the pedestrian.
There is a direct proportionality between the WAD and the impact speed (Vimp),
as shown in the figure below.
4.1
WAD = ab + bc + cd

Figure 4.2 Analysis of the WAD (Taken from the text (Vangi & al., 2008))
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With the same shape of the front of the vehicle and the height of the pedestrian, the
higher the speed, the greater the WAD.
Summarizing the individual phases of the Wrap trajectory, they are:
- primary impact;
- acceleration of the pedestrian in the horizontal direction;
- pedestrian rotation around its center of gravity with loading on the hood;
- pedestrian motion on the hood;
- secondary impact of the head and/or shoulders on the bonnet or windscreen,
depending on the impact speed of the vehicle at the moment of impact;
- pedestrian unloading, with launch angle dependent on the geometry of the
vehicle front and on the unloading method;
- free fly;
- ground impact;
- motion on the ground to the position of rest.
If the vehicle brakes during or immediately upon impact, the pedestrian does not
have a high acceleration transverse to the direction of the vehicle, therefore a frontal
discharge is observed; while if the vehicle brakes with delay or does not brake at all,
the pedestrian has a high transversal speed with respect to the direction of the vehicle
and there is a lateral discharge.
The Fender Vault-type trajectory occurs when the height of the center of gravity of
the pedestrian is greater than the height of the upper edge of the front of the vehicle,
but the impact occurs on the end or side of the latter, so it is not hit in full but only on
one leg. This trajectory typically occurs with speeds that are around 40 km/h. As in the
Wrap-type trajectory, the act of motion transmitted from the vehicle to the pedestrian
is the roto-translational type, but in this case, the main rotation occurs around the
vertical axis and is free and not hindered by the front of the vehicle. Consequently, the
pedestrian rotates towards the side of the vehicle, where the secondary impact occurs,
which varies according to the speed of the car.
If the speed is low, the secondary impact occurs on the front part of the hood, on
the other hand, if the speed is higher it occurs at the rear.
In conditions similar to the Wrap type trajectory, therefore with the height of the
center of gravity of the pedestrian higher than the height of the upper edge of the front
of the vehicle, but with high impact speed and in the absence of braking, it is possible
to witness the Roof Vault type trajectory. It takes place in a speed range between 50
km/h and 60 km/h. A higher speed gives the pedestrian a greater vertical thrust, with
a consequent flight phase of the same following the primary impact, during which the
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pedestrian twirls in the air due to the effect of the rotational motion component
acquired by the impact.
The secondary impact of the pedestrian occurs against the roof of the vehicle or the
top of the vehicle. By further increasing the vehicle's impact speed, i.e. greater than 60
Km/h, the trajectory of the Sommersoult type is passed, in which the secondary impact
is not observed since the pedestrian undergoes a greater vertical thrust which gives rise
to a phase of flight during which the vehicle moves much faster under the pedestrian.
In this case, the final resting position of the pedestrian is always behind the vehicle
stop position.
Given the variability of each influencing parameter in each phase, it is more
convenient to classify the types of impact on the basis of the overall trajectories (preimpact, impact, post-impact). As already mentioned, in this work the post-impact
phase was mainly which is influenced by the characteristics of the impact phase such
as the geometry of the front of the vehicle related to the height, position and motion of
the pedestrian in the per-impact phase, the braking characteristics of the vehicle and
the impact speed.

4.1.3 Vehicles characteristics
In recent years, many car manufacturers have been carrying out tests to estimate the
behavior of the bonnet both in terms of shape and stiffness to improve its performance
and offer better protection for pedestrians.
Three fundamental geometric parameters are used to define the shape of the
vehicle's front.

Figure 4.3 Geometric parameters for defining the front of the vehicle

Where:
•

Lead Angle (g) loading angle which determines the amount of vertical
thrust on the pedestrian in the primary impact;
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Bonnet Angle (b) angle of inclination of the bonnet which affects both the
loading and the direction of launch of the pedestrian, and the way in which
the pedestrian hits the bonnet in the secondary impact;
Height of the front edge of the "Lead Edge" hood (Hc) which together with
the height of the center of gravity of the pedestrian determines the arm of
the rotational moment (Ꙍ).

According to the relationship between the height of the pedestrian and the front of
the vehicle, three types of front are identified:
-

Low Front Vehicles, in which the
height h of the frontal is less than
0.55m, or the value corresponding
to the fiftieth percentile of the knee
height of the adult population;
Figure 4.4 Example of a vehicle with a low front

-

-

High Front Vehicles, in which the
height of the front h is between
0.55 m and 1.05 m, that is the value
corresponding to the fiftieth
percentile of the height of the
center of gravity of the adult
population;

Figure 4.5 Example of high front vehicle

Vertical front vehicles, whose front
height h is greater than 1.05m.

Figure 4.6 Example of a vehicle with a vertical
front

The height of the front edge of the hood and its combination with other parameters
have an influence on the head or torso injuries of the vulnerable user; in fact, increasing
the height of the front edge of the hood can potentially reduce the risk of head injuries.
Further consideration should be made on the profile of the front of the vehicle seen
from above which can be classified into rectangular, triangular or arched.
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Rectangular

Triangular

Arched

Figure 4.7 Type of front with top view

The latter classification has a considerable influence on the speed component of the
pedestrian transversal to the direction of the vehicle.
In fact, for rectangular type fronts, the speed remains unchanged, with the
consequent variation of the momentum of the pedestrian in the direction of
advancement of the vehicle itself, neglecting the friction during contact.
While for triangular or arched fronts, the transverse motion of the pedestrian can
undergo a deceleration or acceleration depending on the area in which the impact
occurs. But it is known that the risk of injury, especially to the head, is a function of
both the shape of the bonnet and the speed of impact (Liu, Yang & Lövsund, 2002); in
fact, with an adult pedestrian a reduction in the impact speed, from 40 km/h to 30 km/h
and an increase in the height of the bonnet have a positive effect on the risk of head
injuries. While in the impact with children a reduction in impact speed from 40 km/h
to 30 km/h has a great influence on the severity of the injury, while the vehicle design
parameters show contrasting effects due to the variability in childhood anthropometry.
One of the many studies presenting different lesions based on the type of hood is
that of Han et al. (2013) in which the authors investigated the kinematics of impact
between a 50th percentile dummy and three vehicles (a sedan car, a mini-car and an
SUV). With the same position of the dummy with respect to the vehicle, they observed
that the speed of the head is higher in the case of a sedan, followed by “minicars” and
SUVs. This result is closely related to the rotation of the whole body during the loading
phase: the greater the rotation, the greater the final speed of the head.
Others (Fredriksson, Rosen, & Kullgren, 2010) (Rosen et al., 2010) (Otte, 1994)
have shown that short hoods cause more head impacts to the vehicle's windshield than
a long hood, resulting in more severe head injuries for pedestrians. In addition to the
conditions of impact with the head, it is evident that the contact time of the head during
the impact decreases as the speed of impact with the vehicle increases from 20 to 50
km/h.
The hood therefore affects:
• the loading phase;

174

Chapter 4

•

•

ROAD USER VULNERABILITIES

the amount of vaulting during the loading phase, since it depends on the
height from the ground of the upper edge of the bonnet (this is greater for
low edges, lower for high edges);
the parts of the body that impact on the front of the vehicle, vary according
to the height from the ground of the front edge of the bonnet and its length.

4.1.4 Pedestrian’s characteristics
Pedestrians are characterized according to their age, their build as well as their
position with respect to the vehicle at the moment of impact.
Many of the results published by the NHSTA (2001), by the FARS (Fatality
Analysis Reporting System) and by the General Estimates System (GES) of the
National Automotive Sampling System, show the risk based on age; in fact, it is
observed that middle-aged and elderly people are more likely to die in a pedestrian
accident, while young people and children are more likely to be injured.

Figure 4.8 Risk

of death/injury based on age

On the other hand, when the position is considered, the angle of impact has a great
influence since the sequence of the parts of the body that collide with the vehicle and
therefore of the relative injuries is different (Chen H., 2015) (Yang J.K., 1997).
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Figure 4.9 Positions of the pedestrian with respect to the front of the vehicle

Many studies (Carollo F., 2018) (Virzi Mariotti G., 2014) confirm that the frontal
position is more dangerous than the lateral one because the contact of the head and
thorax occurs directly on the hood; while the pedestrian in the lateral position hits the
hood with the shoulder, this limits the injuries to the fatal parts. The above is confirmed
by the analysis of the data on accidents.

4.2 Proposed Methodology for pedestrian injuries
evaluation
To determine the pedestrian injuries, both in terms of location and severity,
following an impact, several factors must be considered. They never occur individually
but combined with each other.
In order to identify the outcomes of the impact, vulnerability functions are often
used. These, however, consider only two parameters, not allowing to take into account
the mechanical behavior of the bodies during the impact. To make the results of the
analyzes more realistic, once the various factors have been defined, a model can be
built and then multi-body simulations can be started, from which the mechanical or
kinematic parameters useful for defining the lesions will be obtained.
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Figure 4.10 Conceptual scheme adopted in the numerical simulations

The vehicle-pedestrian collision generates damages of a different nature, due to the
primary impact, the secondary impact and finally those due to the impact on the
ground. In this work, the focus was on the injuries suffered by a pedestrian in the
primary impact. Usually, in these cases, there are bruises, fractures, or trauma and they
vary according to the speed of the vehicle and the pedestrian and whether it is an adult
or a child. In the case of adults, these damages are caused by the bumper and/or by the
front edge of the hood and are localized at the height of the legs or pelvis; and have
different gravities depending on the speed (Vangi et al., 2008).
In children, on the other hand, the primary impact generates localized damage to
the torso and/or head. It is essential to determine the area in which the injuries caused
by the primary impact occur as these allow in the reconstructive phase to determine
the orientation of the pedestrian at the moment of impact.
By observing the different frames of the multibody simulations it is clearly visible
that as the vehicle front and the respective shape vary, there are impact conditions and
therefore different outcomes and injuries in the different parts of the body.
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Figure 4.11 Pedestrian kinematics after various vehicle impacts

This is easily found by observing the different frames of the multibody simulations. In fact, in these, it is clearly visible that when the front of the vehicle and the
respective shape vary, there are impact conditions and therefore different outcomes
and injuries in the different parts of the body.
Nowadays pedestrian-vehicle impact outcome in terms of injury level can be
evaluated by means of vulnerability prediction functions employing a logistic
approach (Helmer, T., 2015). Logistic models are stochastic models that do not allow
us to know the outcome of an accident but only to estimate the probability of a certain
degree of injury and they are calibrated on detailed accident data collected with-in indepth accident databases (GIDAS,2010) (UMTRI,2005). Unfortunately, most of the
existing vulnerability logistic models (VLM) is based on few statistically significant
explanatory variables (namely, vehicle speed and pedestrian age) since the size of the
in-depth accident database is very limited.
However, in order to analyses pedestrian safety according to a risk-based approach
a better understanding of how pre-impact conditions (in term of pedestrian, vehicle
and site characteristics and possible evasive maneuvres) may affect accident outcome
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is needed. The basic idea underlining this work is therefore to develop and calibrate a
multi-body pedestrian-vehicle model in order to provide an additional analysis tool
that may complement the prediction yield by VLM by producing reliable synthetic
accident data that will allow to enrich VLM with additional and new explanatory
variables.
In order to accomplish this task, the following procedure has been pursued:
1. review of existing relationships between kinematic and mechanical quantities
provided by multibody/fem accident numerical simulations and pedestrian
2.
3.

injury scales;
assessment of numerical reliability of the developed multibody model by
calibration with scientific literature data;
experimental calibration of the proposed methodology by comparison with
results provided by existing VLM based on real accident data.

4.2.1 Injury scales
Based on the type and severity of the lesions, they are classified with different scales
based on the area of use. The main ones can be grouped into three categories:
• anatomical scales: classify the lesion in terms of anatomical location, type
and severity. These scales assess the extent of the injury rather than the longterm consequences. The most famous and widespread of these scales is the
“Abbreviated Injury Scale” (AIS);
• physiological scales: that describe the physiological state of the patient
based on the change in functionality caused by the lesion. The status and its
numerical rating may vary during the period of care. This type of scale is
widely used in the clinical setting;
• scales based on damage, disability and social cost. In this case, the longterm consequences and the influence that the injuries have on the patient's
quality of life are assessed.
The first two types are medical, while biomechanics is concerned with scales that
belong to the third group.
All scales assign trauma points, which were originally designed with the aim of
standardizing injury descriptions and classifying their severity. Following the trauma
scores have been modified to support research in risk assessment and to predict the
probability of survival (Baker, O'Neill, Haddon & Long, 1974) (Champion, Copes,
Sacco, Lawnick & al., 1990).
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Today the purpose of trauma scores is becoming to allow for predicting
damage(MacKenzie, Damiano, Miller & S., 1996), improving user quality and safety
(Boyd, Tolson, & Copes, 1987) (Hannan, Hicks Waller, Szypulski Farrell, & Cayten,
2005) (Meredith, Evans, Kilgo, MacKenzie, & al., 2002).
Abbreviated Injury Scale
The most common injury scale worldwide is the Abbreviated Injury Scale (AIS).
This is commonly used to assess the severity and describe the types of injuries
(AAAM, 2008) as a function of the severity of the injury, as described in the
international literature (Virzi Mariotti G., 2014) (Battaglia S., 2006) (Bellavia GVM,
2009) (Bellavia GVM, 2009).
AIS has provided standard terminology for describing injuries. This scale divides
the body into nine regions: head, face, neck, chest, spine, abdomen/pelvis, upper
extremities, lower extremities and unspecified. A consensus-derived scale was
developed for each region to classify injuries from 1 (minor) to 6 (practically
insurmountable).
Table 4.1Damage related to the severity of the injury
AIS

Level

Description

0

null

No injury

1

minor

Slight brain injury, with headache, dizziness and no loss of
consciousness; slight cervical injury, whiplash and bruises.

2

moderate

Bruises with or without skull fracture, less than 15 minutes of
unconsciousness, small corneal cracks, retinal detachment, nose fracture
and facial damage.

3

serious

Bruises with or without skull fracture, more than 15 minutes of
unconsciousness without severe neurological damage, compound or noncompound skull fracture, without loss of consciousness, or other damage
such as loss of vision, fracture of the facial bones , the cervical fracture,
without damage to the spinal cord.

4

severe

Fracture of the skull with severe neurological damage.

5

critic

Concussions with or without skull fracture, more than 12 hours of
unconsciousness, with haemorrhage near the skull and / or critical
neurological damage.

6

not survivable

Death, partial or total damage to the brain stem or upper cervical area
due to pressure or rupture, fracture or twisting of the upper cervical
region, with damage to the spinal cord

For each level there is, as shown in (Shojaati M., 2003), different damage to
different parts of the body.
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AIS is universally used in the analysis of road accidents, in evaluating the
effectiveness of safety systems and as a justification for the biomechanical limits used
in regulations and ratings. (Plan L., 2013).
The maximum value of AIS is known as MAIS (Maximum Abbreviated Injury
Scale) and indicates
the most severe damage a patient has suffered (European Commission).
Some scholars have highlighted the relationship between the frequency of injuries
by body region and the severity of injuries (Helmer, Ebne et al., 2010) (Mizuno, 2005)
(Martin, Lardy et al., 2011) (Yang, 2005) showing that torso injuries are second only
to head injuries.

Figure 4.12 Percentage of AIS 2 injuries per body region in different countries

Figure 4.13 Percentage of AIS injuries by body region
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Unfortunately, AIS does not take into account the cumulative effect of injuries in
different regions of the body, so in 1974 Baker proposed the ISS, an AIS-based
algorithm designed to improve AIS's ability to predict injury severity (Baker & O'Neil,
1976). The ISS divides the injuries into six body regions compared to the nine AIS and
it is calculated by taking the sum of the squares of the highest AIS from each of the
three most severely injured body regions. This generates a score ranging from 0 to 75,
with a breakdown into levels as shown below.
Table 4.2 ISS levels

ISS

Level

1-8

Minor

9-15

Moderate

16-24

Serious

> 25

Very serious

By definition, a very severe injury with an AIS of 6 is assigned an ISS of 75.
However, both the AIS and the ISS require high costs and time for the training of
the personnel involved in data acquisition and scoring (manual coding (Stephenson,
Langley & Civil, 2002)).
To determine the AIS it is necessary to extract the lesions from the medical record
and the trauma encoder by assigning the AIS Codes to each lesion. Depending on the
software used to implement the algorithm and the skills of the personnel who analyzes
it, there may be significant differences in the calculation of the AIS and the ISS. This
limits the ability to compare results with data derived from different institutional
practices.
ISS is statistically problematic because it is neither linear nor monotonous, so
mortality does not necessarily increase with subsequent ISS values (Copes, Champion,
Sacco, Lawnick, & al., 1988).
For this reason, AIS remains the foundation of most trauma scoring systems.
Thanks to the availability of the ICD mapping software and its lesion descriptors, this
scale is used extensively, allowing data to be extracted even from non-trauma
administrative databases. This is because it has been found that trauma scoring systems
that consider only injury severity are useful, but insufficient for risk adjustment.
To easily combine trauma log data with other relevant research databases and define
treatment and injury prevention in advance, it would be necessary to acquire the data
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accurately and completely, automatically update the trauma logs, and use a
standardized procedure for evaluating lesion descriptors.
Head Injury Criterion
In this study, statistical data was used to identify relationships between the injury
criteria and the probability that the same occurs. In particular, the risk criterion for the
head was considered in several studies (Mizuno, 2005) (Yang, 2005) (Martin, Lardy,
& al., 2011) which show that in patients with multiple injuries, following an accident,
the head is the most commonly injured part. Therefore, being a very delicate part of
the human body, many have taken care of evaluating the injuries and the consequences
that these can generate. When considering head injuries they can be distinguished
according to the affected part:
-

the skin may have bruises, lacerations and abrasions;

-

the skull may show bone fractures;

-

the brain, due to the direct impact of the head, can compress, generating
even permanent injuries.
It is difficult to define a criterion that is able to take into account all the different
modes of injury. But the international literature comes in support by providing on the
various risk criteria (Virzi Mariotti G., 2014) (Bellavia GVM, 2009).
The Abbreviated Injury Scale (AIS) (Association for the Advancement of
Automotive Medicine, 2001) for the head assigns a score of 1 for minor scalp injuries
such as abrasions, bruises and lacerations. Longer and deeper lacerations are rated 2,
while scalp injuries accompanied by significant blood loss or characterized by total
loss of the scalp are classified as 3. Cranial nerve injuries are coded as 2. Injuries to
major cerebral vessels are generally coded as 3 or 4 for thrombosis or traumatic
aneurysm formation, or as 4 or 5 for a laceration.
Small single or multiple bruises receive a score of 3, as well as edema or heart attack
directly related to the trauma. Hematomas are rated 4 or 5, depending on their size.
Massive destruction or crush injuries lead to a score of 6.
The duration of loss of consciousness and the presence of associated neurological
deficits can be used to assess the severity of the injury by assigning scores ranging
from 2 to 5, sometimes exceeding those attributed for anatomical lesions.
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Table 4.3 Abbreviated Injury Scale for Head Injury
Score

Injury Severity

Head injury examples

1

Minor

Minor scalp injuries

2

Moderate

More severe scalp injuries
Cranial nerve injuries
Post-traumatic amnesia

3

Serious

Worst scalp injuries
Celebral vascular injuries
Skull base fractures

4

Severe

Worst celebral vascular injuries
Worst skull fractures

5

Critical

Worst celebral vascular injuries
Larger hematomas

6

Lethal

Massive destruction
Crush injuries

However, the most used criterion for head injuries in impact with the various
areas of the vehicle and to find correlations between the deformations observed in the
vehicle and acceleration is the Head Injury Criterion (HIC).
Changing the formula leads to the definition of the Head Injury Criterion, also
known as Head Performance Criterion (HPC):
𝑡2
1
4.2
HIC = max{(𝑡2 -𝑡1 ) [
∫ 𝑎(𝑡)𝑑𝑡]2.5}
(𝑡2 −𝑡1 ) 𝑡1

where:
-

(t) is the resultant of the acceleration evaluated in the center of gravity of
the head, measured in g;

-

t1 and t2 are two points on the time axis which, during impact, maximize
the HIC. Time is measured in seconds;

-

the exponent 2.5 is the slope of the curve in bilogarithmic coordinates.

The calculation of the HIC involves an iterative process characterized, for each
instant of time, by an integration carried out over a time interval equal to 36 msec or
15 msec (NHTSA), depending on the threshold value that you decide to take into
account. In the integration, t1 increases by 0.1 millisecond, at each step, and t2 is
defined as t1+36 msec, therefore, for each step, a curve is obtained as t2 varies. For
each of them, the maximum value is taken, which contributes to the definition of the
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local maximum curve. To proceed quickly, a Mathlab spreadsheet has been
implemented as shown in Appendix A.
The NHTSA proposed a 36 millisecond interval to evaluate HIC since it observed
reduced brain injury in long-lasting events. But to better assess the danger of shortterm collisions, the interval has been reduced to 15 milliseconds, which is associated
with limit HIC values of 700.
The European legislation has adopted this criterion in fact the FMVSS directive
(1998), provides that the HIC15 must not be greater than 1000 because there is a
very serious accident, with a high probability of lethality. In collisions with surfaces
that are not excessively rigid (bonnet, airbag, etc.) there is an increase in the HIC
with the increase of the interval t2-t1, with reduced peaks. If the peaks increase,
exceeding 100g, the peak value of the HIC is obtained in intervals of a few
milliseconds.
Therefore the Head Injury Criterion indicates the threshold beyond which the
individual undergoes fatal injuries, inversely correlating the intensity of the
acceleration and its duration. But the HIC does not provide any information
regarding the extent of the injury. This is precisely why the HIC-AIS correlation is
used.
Thoracic Trauma Index
For the evaluation of thoracic trauma, one of the most common injury criteria,
especially for lateral impact cases, is the Thoracic Trauma Index (TTI). This is
evaluated as expressed in the following equation
𝑚
4.3
TTI = 1.4 * age + 0.5 * (RIBy + T12y) * 𝑐
𝑀𝑠𝑡𝑑

where;
-

age is the age of the pedestrian;

-

RIBy is the maximum lateral acceleration of the abdominal spine (12th
spinal segment) [g];

-

T12y is the maximum lateral acceleration of the 12th thoracic vertebra
[g];

-

mc is the mass of the pedestrian [Kg];

- Mstd is the standard mass equal to 75 Kg.
In the case under examination, having a simplified model of a dummy, the
vertebral and thoracic accelerations were hypothesized to be similar to the resulting
acceleration in the chest.

185

Chapter 4

ROAD USER VULNERABILITIES

Spine injury criterion
Another injury found recurrently in accidents is that of the spine; although the
injured in most cases make a full recovery within short periods, there are prolonged
medical problems. So the socio-economic cost of these injuries is enormous.
The part of the spine most involved in collisions is the cervical one. In this, the
stresses are due to the contact forces acting on the head or to inertial forces related to
the mass of the same. Therefore, several combined loads must be considered to
estimate neck injuries (Myers, et al., 1994) (Belwadi & Yang, 2008) between them
so that these do not exceed certain limits.
In this preliminary study, spinal injuries are assimilated to those of the torso.

4.2.2 Conversion of injury thresholds to AIS scale
Not having available complete data that would allow to evaluate the precise AIS
values, the lesion level was evaluated starting from the relationship between AIS and
the different lesion parameters found in the literature. For example, I know the HIC
has entered the interval and assigned a level of AIS (National Highway Traffic Safety
Administration, 1981).
Table 4.4 HIC-AIS relationship
HIC

AIS

Brain and head injury level

135 - 519

1

Headache or dizziness

520 - 899

2

Loss of consciousness for less than 1 hour - linear fracture

900 - 1254

3

Loss of consciousness from 1 to 6 hours - depressed fracture

1255 - 1574

4

Loss of consciousness from 1 to 24 hours - open fracture

1575 - 1859

5

Loss of consciousness for more than 25 hours - diffuse hematoma

> 1860

6

Not survivable

Similarly, it was done for the other injury parameters. After evaluating the AIS for
the different parts of the body, the three maximum values are taken and the ISS is
estimated:
4.4
ISS = AIS12 + AIS22 + AIS32
The next step was to define the probability of having an injury using both
deterministic and stochastic models.

4.3 Damage to the vehicle
The damage to the vehicle following an impact with a pedestrian, in turn, can be
classified into those caused by the primary impact and those caused by the secondary
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impact. The damage due to the primary impact is substantially concentrated in the
frontal area of the vehicle, caused by the impact against the legs and/or pelvis of the
pedestrian. The front area of the vehicle means the bumper, the grill, the hood, the
cowl and the windshield.

Figure 4.14 Impact zones in the primary impact

The extent of the damage varies according to the impact speed and the position of
the center of gravity of the pedestrian. For low collision speeds, on the vehicle there
are only small traces due to contact with the pedestrian, in correspondence with the
bumper and/or the bonnet and then there is the possibility of the presence of small
scratches due to metal objects such as buckles or studs, if worn by the pedestrian.
At high speeds, on the other hand, the front grille breaks and the front part of the
hood deforms. Possibly if the point of impact is at one of the ends of the front of the
vehicle, the headlights will break.
In some cases, for higher impact speeds with a careful visual analysis, it is possible
to recognize the footprints of the fabric worn by the pedestrian at the moment of
collision, especially for more resistant fabrics such as jeans. This is useful for
recognizing the point of impact on the vehicle and for identifying the orientation of
the pedestrian at the moment of impact.
As for the damages due to the secondary impact, if present they are caused by the
head and/or the upper part of the torso of the pedestrian which, as previously
mentioned, their extent and position are influenced by many factors. They vary
according to the type of free trajectory, the speed, the mechanical resistance of the area
of the vehicle where the impact occurs, in fact the deformation that occurs in the central
area of the bonnet is greater than that which occurs in correspondence with the side
area of the bonnet, or at the base or on the windscreen pillars which are more rigid.
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Figure 4.15 Example of damage due to the impact of the head on the windshield (Taken from Google
images)

In some cases, it is possible to find a double trace of impact on the bonnet and or
on the windscreen due to the impact with the head and a subsequent impact on the
shoulders or arm or vice versa.
The traces are the fracture lines, which if studied it is possible to reconstruct the
temporal succession of collisions. The fracture lines due to the first impact can be
recognized because they are instantaneous and propagate undisturbed, while the
fracture lines of the second impact terminate at the intersection with the fracture lines
of the first impact.

Figure 4.16 Example of a fracture caused by the vehicle's bumper

4.3.1 Correlations between vehicle damage and collision
speed
The damage on the vehicle can be useful in the reconstruction phase of the accidents
to identify the type of trajectory of the post-impact motion of the pedestrian even if it
is difficult to assess the speed of the vehicle at the time of the collision due to the
multiple variables that come into play.
To design the safety measures for vulnerable users, it is essential to assess the
damage to the vehicle but also the injuries to pedestrians. For example, it is evident
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that the rounded shapes of the bumper and front of recently built vehicles are certainly
less aggressive towards the pedestrian, furthermore their greater compliance
contributes to the absorption of part of the impact energy which is therefore not
transferred to the pedestrian.
Therefore, the probability of injury or mortality on the pedestrian is evaluated
according to the speed of impact (Anderson, McLean, & al., 1997) (Davis, 2001)
(Pasanen & Salmivaara, 1993) (Rosen & Sander, 2009) (Oh, Kang et al., 2008)
(Hannawald & Kauer, 2004).

Figure 4.17 Impact speed and a pedestrian's risk of severe injury or death

Once the probabilities have been assessed, the devices are put in place which, once
tested, allows to check whether the damage is reduced.
For this reason, over the years assessment bodies have been created such as
USNCAP (United States New Car Assessment Program) in the USA, EuroNCAP
(European New Car Assessment Program) in Europe, in Australia the ANCAP
(Australian NewCar Assessment Program), in Japan the JNCAP (Japan New Car
Assessment Program), in the countries of Latin America and the Caribbean
LatinNCAP (NewCar Assessment Program for Latin America and the Caribbean),
which have recently been joined by initiatives in developing countries such as the
BharatNCAP (Bharat New Vehicle Assessment Program), and the Asean NCAP
(NewCar Assessment Program for Southeast Asian Countries) under the guidance of
the Global NCAP organization promoted by the FIA (International Federation of
Motorists).

4.4 Euro NCAP
To estimate the safety of motor vehicles, crash-tests, or impact tests, are carried out,
considering the various risk conditions to improve prevention techniques. In Europe,
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the body that manages these tests is EuroNCAP. This project verifies the active and
passive safety devices on cars with destructive tests that follow specific test protocols.
In particular, for the evaluation of pedestrian safety, the EuroNCAP carries out tests
that simulate the impact of a person and then detect the degree of "aggressiveness" of
the front part of the body towards the impactor (adult and child), but also the risk of
injury to the head, pelvis, thighs and calves of the latter.
The tests carried out analyze front, side and rear impacts, tests for the head and for
pedestrians.
Impact tests for pedestrian safety are carried out by impacting a car at a speed of 40
km / h against dummies equipped with special equipment in order to define the damage
suffered and give it an assessment. The damage is classified into five levels each
identified with a different color.

Figure 4.18 Euro NCAP rating levels

To evaluate the safety of pedestrians, numerical values and green stars with a
variable number from 0 to 4 are used.

Figure 4.19 Green star rating

This also allows the front of the vehicle to be represented with cells of different
colors depending on the influence that is found in the impact with the pedestrian. Then
five variations of green, yellow, orange, brown and red color are observed.
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Figure 4.20 Example mapping of the front of the vehicle in relation to pedestrian safety passenger car
(Opel corsa) b) SUV (Jeep Renegade) (taken from (EuroNCAP, https://www.euroncap.com, sd))

Thus the test results are correlated with damage scales such as HIC15.
Table 4.5 HIC- influence of the hood (EuroNCAP, 2012)
HIC15
Head Injury
Criterion

<650

650-1000

1000-1350

1350-1700

≥1700

Green

Yellow

Orange

Brown

Red

1 point

0.75 point

0.5 point

0.25 point

0 point

4.4.1 Pedestrian crash tests carried out by Euro NCAP
Crash tests are performed using standardized dummies and cars with different hood
shapes. In the past, different dummies were used for each type of impact (front, side,
etc.), but the most common is the Hybrid III with standardized characteristics.

Figure 4.21 Hybrid III mannequins and features
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The simulations are recorded by means of high-performance cameras in order to
identify the real movements of the pedestrian following the impact, these are also
detected by means of accelerometers placed on the vehicle.

Figure 4.22 Crash test simulation

From the processing of the frames and from the data obtained from the
accelerometers it is possible to evaluate the influence of the different shapes of the
hood on the movement of the dummy following the impact.
EuroNCAP for impact testing with pedestrians uses a standardized simulation
procedure which is described in bulletin TB024 "Pedestrian Human model
certification version 1.1 October 2018".
The pedestrian has defined dimensions deriving from physical tests and numerical
simulations with "Human Body Model" (HB). This is a virtual geometric-mechanical
representation of the human body, therefore it must consider the anatomy of the body
consisting of a bone skeleton and soft tissues (feet, hands, face and ears are simplified).
Before proceeding with the vehicle-pedestrian impact simulations, it is necessary
to certify the HBM (as foreseen in the CoHerent project (Klug et al., 2017)), to ensure
that the results obtained can be comparable and reproducible.
In the HBM certification procedure, the kinematic response of the model is
compared with those of known models in which there are pedestrian impacts of generic
vehicles moving at speeds between 30 and 50 km/h.
In practice, a check of the robustness of the generic vehicle is carried out, with a
series of tests in which a rigid cylindrical device is used.
Generic vehicles can be represented with four categories, namely:
• Family Cars (FC)
• Multi-Purpose Vehicles and Superminis (MPV)
• Roadsters (RDS)
• Sport Utility Vehicles (SUV)
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The EuroNCAP simulations can be schematized with a sequence of phases reported
in the bulletin. Following the simulation, the data are processed to extract the graphical
and numerical outputs with which the quality criteria checks are carried out.

4.4.2 The dummies used in crash tests
The dummies used in crash tests are built according to biomechanical criteria and
are composed of numerous sensors that allow to verify acceleration of the head,
tension, bending and rotation of the neck, the acceleration and compression of the
chest, the acceleration of the pelvis, compression of the femur, pressure on the knees,
pressure on the tibia, the integrity of ankles and feet. The arms are not instrumented
due to the uncontrolled movement they undergo during frontal tests.
There are two types of sensors, the accelerometers that measure the accelerations
of important parts of the body (such as brain, lung and heart) and the load cells that
are positioned on the areas at risk of breaking due to compression (the bones).

Figure 4.23 Dummy sensors

Both sensors are made up of resistors which, as a result of shocks, provide a series
of voltages that are processed in real-time by particular acquisition equipment.
As for the accelerometer, each voltage corresponds to a certain well-defined
acceleration value during the calibration phase and is measured in grams.
The load cells provide voltages which will then be compared with a tension-force
scheme. These control devices allow the evaluation of forces (measured in N) and
moments in the three xyz directions (measured in Nm).
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In the past, dummies were differentiated according to the type of impact in order to
obtain better dynamic responses. In fact, Hybrid III 50th, 95th and 5th (used for
children) percentile were used for frontal impacts, today Thor is used which is similar
to Hybrid III 50th percentile but with advanced features and instrumentation.
While the EUROSID 2 (ES-2) models in the EU are used for side impacts,
(Sicurauto, sd), Rib Extension in the USA or the SID-II. Lately, the dummy called
WorldSID is being introduced, with a view to harmonizing the world standard of
mannequins for side impacts.
However, the most common is still the Hybrid III 50th percentile (which represent
the physiognomic properties of 50% of the population). The appropriately
instrumented dummy allows to verify: the acceleration of the head, the tension, the
bending and rotation of the neck, the acceleration and compression of the chest, the
acceleration of the pelvis, the compression of the femur, the pressure on the knees, the
pressure on the tibia and the integrity of the ankles and feet (Sicurauto, sd).
To give response very similar to that of the human neck, the neck of the HYBRID
III is equipped with a series of aluminum discs interposed with rubber discs, which
represent the vertebrae, in addition, a cable runs along the vertical axis of the neck and
acts by limiting lateral rotation.
From the experimental tests carried out on a 50 percentile HYBRID III dummy
carried out by Arosio et al (2020)it can be seen that the accelerations increase as the
fall height increases, moreover the maximum acceleration peak shifts over time as the
fall height increases. A similar trend is recorded for the forces in the neck. Therefore,
starting from the acceleration data, the injuries are correlated.

4.5 Calibration of numerical multi-body model for the
reconstructions of vehicle-pedestrian impacts
In order to reconstruct the vehicle-pedestrian collision phenomena, numerical
analyzes are started using a pedestrian model based on the multibody system, while
the vehicle is schematized as a rigid body.
The "multibody" simulation was used in this study to carry out the numerical
analysis of pedestrian-vehicle collisions in a direct way, "forward calculation", by
means of an iterative process that allows simulating both the pre and post-impact
kinematic phase and the real bump. Ultimately, by carrying out more simulations and
varying the input data it is possible to faithfully reproduce what happens in reality.
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For the vehicle-pedestrian impact simulations, the model of dummy used is a
"HYBRID III 50 percentile" which represents an average man with a height of 175 cm
and a weight of 77 kg.
The multibody model proposed by the software considers a mannequin consisting
of a series of rigid parts (such as head, torso, arms and legs interconnected by means
of joints or joints) represented by ellipsoids.

Figure 4.24 Multibody model proposed by the software (image taken from the software)

The software allows you to change the angles of each of the individual rigid parts
of the body, making the dummy take the desired position and to set the height, weight
and age.
According to the position that the dummy assumes with respect to the direction of
travel of the car, the interconnections along the x, y and z axes must be stiffened
(blocking).
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Figure 4.25 In black the parts to be selected and locked

This model automatically calculates the collisions between the individual parts
considering that the system reacts to the force of gravity and the forces of collision
with the ground vehicle; the weak point is the impossibility of simulating the
movement of the pedestrian who will be positioned in the desired way in front of the
front hood of the vehicle.

Figure 4.26 Top view and side view of the dummy placement (Taken from the Software)

In order to start the simulations, the initial conditions of the vehicle (speed,
trajectory, braking), of the pedestrian (age, height, weight, position with respect to the
car) and the type of simulation to be started (kinetics or kinematics) have been defined.
.
Furthermore, the coefficients of friction must also be entered. Specifically, there is
the "Frict. Ground" coefficient between the multibody and the ground and the "Frict.
Cars" which represents the coefficient of friction between the multibody and the
vehicle. Therefore, a coefficient of 0.3 was chosen for Friction cars (EuronCAP, 2018)
while for the Friction Ground 0.6 was chosen (Astrid, Clay, Anthony, Brian, & al.,
2005).
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The software assigns two different colors to the dummy, which appear on the
quadrants of each ellipsoid, and which, following the impact, change to red for the
parts that have been damaged.

Figure 4.27 Color of the single covers in the pre-impact phase and colors of the single bodies in the
post-impact phase. (Taken from the software)

In addition to the dummy, it is also necessary to define the type of vehicle to be
used, this can be done by defining it from scratch or by taking it from one or more
databases contained in it.
The databases contained in the software are:
- DSD or standard DSD database;
- KBA or German Department of Transport database;
- DSDJapan2000 or DSD standard Japanese database;
- ADAC95 or European database of 1995;
- Spe that is Canadian Specs database, it includes most passenger cars and light
trucks marketed in North America.
For this work, the DSD 2006 database was used.
The initial conditions of the vehicle (speed, trajectory, braking), of the pedestrian
(age, height, weight, position with respect to the car) and the type of simulation to be
started (kinetics or kinematics) have been defined.
The simulation allows the graphic visualization of the crash dynamics, thanks to a
3D representation, which can be immediately compared with that of the crash tests
actually performed in order to evaluate its reliability.
Once the simulation is complete, the graphs associated with the dynamic
interaction between vehicle and pedestrian can be viewed.
The software, for each of the 16 components of the multibody pawn, allows you to
view graphs that allow you to consider:
-

Distance;

-

Speed;

-

Acceleration;

-

Rotation angle;
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-

Angular speed;

-

Angular Acceleration;

-

Kinetic energy);

-

Contact forces;

- Elastic forces.
For all items, except for energy, four values are provided along the x, y and resultant
axes for each component of the multibody system.

4.6 Software calibration and parametric analysis
4.6.1 Software calibration
The study conducted by Corallo F. et al. (2018) was used to calibrate the software;
in which the reconstruction of an impact with multibody modeling between a teenage
pedestrian and an SUV is considered. In the simulation, the pedestrian dummy is
stationary and it is positioned in a lateral or frontal respect to the bonnet of the car
which is advanced at a constant speed and then with vigorous breaking upon impact.
The speeds of the car are made to vary from 20 to 50 Km/h (with the ace of 10 Km/h,
as proposed by EuroNCAP) imagining that the collision takes place in an urban
environment.
From these simulations, the maximum acceleration values to the head and torso at
different speeds were obtained, from which the HIC and TTI were obtained; both the
injuries and the accelerations obtained were then compared with those of the article.
Input data for simulation setup
To calibrate the simulation that allows you to determine the motion of the pedestrian
following the impact with the vehicle at a certain speed, the following parameters have
been implemented in the software:
-

Vehicle

As the type of vehicle requested was not available in the database, the
one with similar characteristics was taken and the mass was subsequently
modified.
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Figure 4.28 Characteristics of the car

-

Pedestrian

The following simulation scenarios were assumed:
• scenario 1: the vehicle proceeds at a constant speed, without
slowing down following the impact;
• scenario 2: the vehicle brakes vigorously at the moment of impact
with the pedestrian until it stops. To set the forceful braking in
the person in which the car collides with the pedestrian, a
deceleration of 6.47 m/s2 is required to stop, with a perception
and reaction time of the driver equal to 1.2 seconds and a time of
response of the braking system equal to 0.2 seconds.
In each of the two scenarios, the different position of the pedestrian with
respect to the windshield was considered, so it can be schematized as
follows:
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 Scenario 1.1T constant speed vehicle and teenager pedestrian in front,
upright and central position with respect to the vehicle hood;
 Scenario 1.2T constant speed vehicle and teenager pedestrian in lateral,
upright and central position with respect to the vehicle hood;
 Scenario 2.1T vehicle that initiates vigorous braking at the instant of
impact with the teen pedestrian who is in front, upright and central
position with respect to the vehicle hood;
 Scenario 1.2T vehicle that initiates vigorous braking at the instant of
impact with the teen pedestrian who is in a lateral, upright and central
position with respect to the vehicle hood;
The position of the dummy was set by blocking, as previously described,
the components of the multibody in the appropriate section of the
"multibody system" software. Once the simulation has been started, the
vehicle is made to proceed under the desired conditions and through the
3D view it is possible to compare the resulting frames with those taken
from the article.

Figure 4.29 Sequence of images that compare the simulated crash-test with that of the article
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The succession of images highlights how the movement of the pedestrian in the
simulation is very similar to the real one.
After the simulation, the graphs relating to the resulting accelerations to the head
and torso as a function of time were obtained.

Figure 4.30 Graphic-analytical determination of the head’s accelerations provided by the numerical
simulation

On the graph, it is possible to observe that acceleration occurs on the ordinate axis
(m/s2 but must be converted into g) and time (seconds) on the abscissa axis.
It should be noted that around 0.2 seconds there is always the maximum
acceleration peak at the head, which represents the moment of impact of the head
against the windscreen of the vehicle.
The goal was to carry out the simulations by implementing the same input data
available to then verify the graphical and numerical feedback by comparing the
sequence of frames as well as the graphical-analytical response relating to the
accelerations of the head.
Once the simulations were started, the resulting acceleration graphs at the head were
obtained from which the maximum acceleration of the primary impact was obtained
and, as previously described, the HIC was evaluated.
These simulation parameters are then compared with those in Corallo F. et al.
(2018) and it can be observed a fairly good correlation with Pearsons values equal to
0.92 with the SUV and to 0.89 for the sedan, whereas those for HICs seems lower
(0.73 for the SUV and 0.84 for the sedan).
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Figure 4.31 Comparison of data from simulation and those reported in (Carollo F., 2018) (teenagerSUV)

Figure 4.32 Comparison of the simulation results with those reported in (Carollo F., 2018)
(teenager-sedan)

This allows to say that the results obtained in terms of accelerations are not
dissimilar from each other therefore the model is calibrated correctly, but there are
differences in terms of HIC that can be attributed to a different accelerometric trace.
This can be attributed to a greater rigidity of the dummy, therefore to the different
degrees of constraint, used in the simulations which gives more precautionary results.

4.6.2 Other simulations
Once it was verified that the parameters used made the simulations reliable and that
the calculation methods to estimate the parameters of injury were correct, further
simulations were carried out.
The aim is to study the influence of the impact speed and the shape of the front of
the vehicle on the kinematic response and the risk of injury to pedestrians in collisions
with different vehicles.
Five types of vehicles (coupe, SUV, sedan, van and bus) and four pedestrian models
(child, teenager, 50th percentile adult and big adult) were used in various impact speed
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simulations. The general kinematics and impact conditions were analyzed for different
speeds and pedestrian positions.
Initially, new simulations were carried out while keeping the car unchanged but
using an adult pedestrian placed frontally and sideways to the SUV instead of a
teenager.
-

Vehicle

-

Pedestrian

Also, in this case, four simulation scenarios were considered, called:
• Scenario 1.1 At constant speed - frontal adult pedestrian;
• Scenario 1.2 At constant speed - side adult pedestrian;
• Scenario 2.1A vehicle braking - frontal adult pedestrian;
• Scenario 2.2A braking vehicle - side adult pedestrian.
Subsequently, other simulations were carried out, varying the type of car and
pedestrian, always considering the four scenarios, both for the adult pedestrian and for
the adolescent in order to compare the damage based on the front part of the car.
-

Vehicle
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Pedestrian

4.6.3 Parametric analysis
Once the 3D simulations were started, all the output graphs relating to the
acceleration of the dummy for the different pedestrians in relation to the speeds were
analyzed. It is observed that the peaks present different accelerations depending on the
part of the body and the frontal area of the car (bonnet or windshield) affected.
To assess the extent of the injury suffered by a pedestrian following a collision with
a vehicle, not only the peak value of the acceleration is sufficient but also its duration
over time. In fact, it can be noted that a very high peak acceleration of a very short
duration does not produce an appreciable displacement of the head and vital organs,
for this reason, reference has been made to the various parameters of injury.
So as described above (par 4.2), the extent of the injury suffered by the pedestrian
was assessed with the acceleration parameters, therefore the corresponding AIS and
ISS were estimated for the various scenarios.

4.7 Evaluation of injury level by existing prediction
function
To define the injury risk functions, logistic models were used, obtained as a result
of laboratory experiments, with which it is possible to determine the biomechanical
response and the level of tolerance to injuries.
The logistic regression models, which are used to estimate the effect of one or more
factors on the probability of injury, are binary.
1

Pi =1+exp(𝑎+𝑏∙𝑌

4.5
𝑝𝑒𝑑 +𝑐∙𝑉)

where:
Pi, probability of a specific injury level;
a, b, c are the calibration parameters;
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Yped is the age of the pedestrian;
V the speed of the car (considered constant).
Therefore by means of these function it is possible to estimate the probability that
following an injury the pedestrian can reach or exceed a certain level of severity.
Starting from the vulnerability functions for assigned ISS (Helmer, 2015),
implemented on GIDAS data (2010), the five degrees of severity of the lesion and the
respective probability estimates were identified, as shown in the table
Table 4.6 Probability of injury based on severity

These models estimate the probability of an injury considering two explanatory
variables, namely the age of the pedestrian and the speed of the car.
Starting from these models, the probabilities associated with the different levels of
injury were assessed.

Figure 4.33 Example of ISS probability distribution derived from vulnerability prediction functions

From this for each age-speed pair the expected value was obtained:
ISSvulnerability model =∑ 𝑃 (𝐼𝑆𝑆) ∗ 𝐼𝑆𝑆𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙

4.6

Then different input parameters such as the age of the pedestrian and the travel
speed of the car (steady mode), the position of the pedestrian (front or side with respect
to the bonnet of the car) and the type of car (SUV, sedan, cabrio) have been changed
and an overall ISS average value, ISSaverage has been evaluated to be compared with
that provided by the vulnerability prediction functions, ISSvulnerability model. The
comparison between the two ISS, taking into consideration an adult pedestrian of 30
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years and a 15-year-old teenager is reported below for several vehicle (steady) speed
values.
Table 4.7 ISS vulnerability model-ISSaverage comparison

Figure 4.34 ISS vulnerability model-ISSaverage comparison (teenager-adult pedestrian)

The agreement between the average outcome provided by the simulation models
and that derived from vulnerability prediction functions seem fairly acceptable.
However further simulations are needed in order to improve it.

4.8 Conclusions
The aim of the work is to analyze the vehicle-pedestrian impact dynamics, as recent
national and international accident reports provide evidence for an increase of crashes
involving pedestrians. In this connection, refined pedestrian vulnerability prediction
tool are needed to help road safety engineers. It is believed that multibody accident
reconstruction models may offer a significant contribution in improving existing
pedestrian vulnerability predictions functions.
To this purpose, a multibody pedestrian vehicle impact model has been developed.
Following an initial calibration by a comparison with data provided by technical and
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scientific literature, a parametric analysis has been carried out by varying several
pedestrian and vehicle related impact parameters. From kinematic and mechanical
results obtained by numerical simulations, injury level evaluation has been performed
and an estimation of an average values of ISS has been derived. This value obtained
for several vehicle speed and pedestrian type has been compared with an average ISS
value derived from existing pedestrian vulnerability prediction functions that have
been calibrated on real accident data collected in a German in-depth accident database
(GIDAS).
The comparison is fairly acceptable and more simulations are needed in order
improve the modelling framework. However, basing on these preliminary results, the
multibody pedestrian-vehicle impact developed seems to be able to capture the
complexity of this accident scenario and to provide a reliable estimation of possible
outcomes.
The results of the simulations allow us to observe that:
-

the geometry of the vehicles greatly affects pedestrian injuries, and therefore there
is a need to classify the types of impact not only based on the speed of impact but
also based on the geometry of the front. In fact, short fronts with a relatively high
hood edge and large windshield area (like that of the minicar) could result in a
head impact closer to the central area of the windshield reducing fatal head injuries
in pedestrians.

-

the impact speed of the vehicle has a significant influence on the severity of the
injury, especially in adult pedestrians. Reducing the speed of impact is an effective
means of mitigating the severity of pedestrian injuries in impacts with various
types of vehicles. The simulation results show that the likelihood of a fatal head
injury is low at speeds of 30 km/h or less; it follows that if the impact speed of the
vehicle is less than 30 km/h, the accident parameters can be reduced.

-

the shape of the front of the vehicle and the size of the pedestrian are the factors
that influence the risk of injury of each region of the body. Head impact speed
decreases with an increase in the height of the hood edge and a center height of
the lower bumper. The stiffness of the area that comes into contact with the head
greatly affects the resulting severity of the injury.
It will therefore be necessary to extend the analyzes by considering additional injury
parameters, for example to the lower extremities or the chest, in order to better
understand the effects of a vehicle-pedestrian collision. Through the simulations, it
will therefore be possible to get to know a priori the effects of particular impact
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scenarios and thus prevent them by affecting the characteristics of the environments
that users go through.
By an extensive use of the proposed model it is believed that it will be possible to
add a better understanding of the complex kinematic of impacted pedestrians and
provide more significant explanatory variables in the existing pedestrian vulnerability
prediction functions. This will allow safety engineers to highlight site conditions
affecting the initial pedestrian-vehicle impact parameters and therefore to study
mitigations countermeasures.

References
AAAM. 2008. The Abbreviated Injury Scale (AIS) 2005.
Anderson, R., McLean, A., & et al.1997. Vehicle travel speeds and the incidence of
fatal pedestrian crashes. Accid Anal Prev , 29(5): 667-74.
Arosio, B., Benetton, D., Mongiardini, M., Mattos, G., Gzerbieta, R., Anghileri, M.,
& et al. 2020. Biomeccanica Forense. Confronto tra Hybrid III e modello di
corpo umano in lesioni alla testa in impatti con pendolo e test di caduta
verticale.
Association for the Advancement of Automotive Medicine. 2001. The Abbreviated
Injury Scale. 1990 rev., update 1998. Barrington, IL: Association for the
Advancement of Automotive Medicine.
Astrid, L., Clay, D., Anthony, C., Brian, F., & et al. 2005. Mathematical simulations
of real world pedestrian-vehicle collisions. 19th International Technical
Conference on the Enhanced Safety of Vehicles (ESV). Washington DC,
United States, Date.
Bahman SR, C. N. 2005. An evaluation of the association between vehicle type and
the source and severity of pedestrian injuries. Traffic Inj Prev. , 6: 185–192.
Baker, S., & O'Neil, B. 1976. The injury severity score: an update. J Trauma.16: 882885.
Baker, S., O’Neill, B., Haddon, W., & Long, W. 1974. The injury severity score: a
method for describing patients with multiple injuries and evaluating
emergency care. J Trauma, 14:167–196.
Battaglia S., D. I. 2006. The sports bicycle. Geometric and inertial characteristics.
Dynamic simulation. Rome: Aracne.
Bellavia G., V. M. 2009. Development of an Anthropomorphic model for Vehicle Pedestrian Crash Test, Automotive Engineering. XXI Science and Motor

208

Chapter 4

ROAD USER VULNERABILITIES

Vehicles 2007, JUMV international Conference with Exhibition, 62, p. 4856; (3/4). Belgrade, Serbia.
Bellavia G., V. M. 2009. Multibody Numerical Simulation For Vehicle - Pedestrian
Crash Test, Motor vehicle engineering ATA. XXI Science and Motor
Vehicles 2007, JUMV international Conference with Exhibition, Vol. 62,
11/12,pp 40-49.
Belwadi, A., & Yang, K. 2008. Response of the cadaveric lumbar spine to flexion with
and without anterior shear displacement. Proceedings of IRCOBI conference,
(p. pp 397–410).
Boyd, C., Tolson, M., & Copes, W. 1987. Evaluating trauma care: the TRISS method.
Trauma Score and the Injury Severity Score. J Trauma, 27: 370–378.
Carollo F., V. M. 2018. Head, chest and femur injury in teenage pedestrian – SUV
crash; mass influence on the speeds. Journal of Automobile Engineering, Part
D.
Champion, H., Copes, W., Sacco, W., Lawnick, M., & et al. 1990. The Major Trauma
Outcome Study: establishing national norms for trauma care. J Trauma,
30:1356–1365.
Chen H, P. D. 2015. Pedestrian response with different initial positions during impact
with a mid-sized sedan. Paper presented at: 24th International Technical
Conference on the Enhanced Safety of Vehicles (ESV).
Copes, W., Champion, H., Sacco, W., Lawnick, M., & et al.1988. The injury severity
score revisited. J Trauma, 28:69–77.
Davis, G. 2001. Relating severity of pedestrian injury to impact speed in vehicle
pedestrian crashes - Simple threshold mode. TRB Distinguished Lecture, Pt
1 - Bicycle and Pedestrian Research, Pt 2(1773): 108-113.
Ebner A., S. R. 2010. Methodology for the development and evaluation of active safety
systems using reference scenarios: Application to preventive pedestrian
safety. . InProceedings of the International Research Council on
Biomechanics of Injury(IRCOBI), 155-168.
Ebner A., Samaha RR, Scullion P., Helmer T. 2010. Identifying and analyzing
reference scenarios for the development and evaluation of preventive
pedestrian safety systems.
EuroNCAP. 2012. European New Car Assessment Program - Assess-ment Protocol
Pedestrian Protection. www.euroncap.com .
EuronCAP. 2018. Pedestrian Human Model Certification ,Version 1.1.
EuroNCAP. (s.d.). https://www.euroncap.com.

209

Chapter 4

ROAD USER VULNERABILITIES

European Commission. (s.d.). Road traffic accidents statistics.
FMVSS 201U. 1998. Occupant Protection in Interior Impact. Upper Interior Head
Impact Protection.
Fredriksson, R., Rosen, E., & Kullgren, A. 2010. Priorities of pedestrian protection—
a real-life study of severe injuries and car sources. Accid Anal Prev.,
42:1672–1681.
GIDAS.
2010.
German
In-Depth
Accident
Study.
Tratto
da
fromhttp://www.gidas.org/files/GIDAS_eng.pdf
Han, Y., Peng, Y., Peng, Q., Huang, H., & Mizuno, K. 2013. A Study on Kinematic
Behavior and Head Injury Rick in Vehicle to Pedestrian Collisions. Fifth
International Conference on Measuring Technology and Mechatronics
Automation. Hong Kong, China.
Hannan, E., Hicks Waller, C., Szypulski Farrell, L., & Cayten, G. 2005. A comparison
among the abilities of various injury severity measures to predict mortality
with and without accompanying physiologic information. J Trauma, 58:244–
251.
Hannawald, L., & Kauer, F. 2004. Equal Effectiveness Study on Pedestrian
Protection.Technische Universität Dresden. Dresden, Germany.
Helmer T., E. A. 2009. Präventiver Fußgängerschutz - Anforderungen und Bewertung.
Aechen:18. Aechener Kolloquium Fahrzeug- und Motorentechnik.
Helmer, T. 2015. Development of a Methodology for the Evaluation of Active Safety
using the Example of Preventive Pedestrian Protection, Doctoral Thesis
accepted by Technische Universität Berlin, Germany. DOI 10.1007/978-3319-12889-4.
Helmer, T., Ebner, A., & et al. 2010. Injury risk to specific body regions of pedestrians
in frontal vehicle crashes modeled by empirical, in-depth accident data. Stapp
Car Crash J , 54: 93-117.
Klug, C., Feist, F., Raffler, M., Sinz, W., Petit, P., Ellway, J., & van Ratingen, M.
2017. Development of a Procedure to Compare Kinematics of Human Body
Models for Pedestrian Simulations. IRCOBI. 2017 IRCOBI Conference
Proceedings. (p. pp. 509–30). Università di Tecnologia.
Kong CY, Y. J. 2010. Logistic regression analysis of pedestrian casualty risk in
passenger vehicle collisions in China. Accid Anal Prev., 42:987-993.
Liu, X., Yang, J., & Lövsund, P. 2002. A Study of Influences of Vehicle Speed and
Front Structure onPedestrian Impact Responses using Mathematical Models.
Traffic Injury Prevention, 3(1): 31-42.

210

Chapter 4

ROAD USER VULNERABILITIES

MacKenzie, E., Damiano, A., Miller, T., & S., L. 1996. The development of the
Functional Capacity Index. J Trauma, 41:799–807.
Martin, J., Lardy, A. et al. 2011. Pedestrian injury patterns according to car and
casualty characteristics in france. Ann Adv Automot Med, 55: 137-46.
Meredith, J., Evans, G., Kilgo, P., MacKenzie, E. et al. 2002. A comparison of the
abilities of nine scoring algorithms in predicting mortality. J Trauma, 53:621–
628.
Mizuno, Y. 2005. Summary Of IHRA Pedestrian Safety WG Activities (2005) Proposed Test Methods To Evaluate Pedestrian Protection Afforded By
Passenger Cars. . The 19th International Technical Conference on the
Enhanced Safety of Vehicles. . Washington, DC.
Mizuno, Y. 2005. The 19th International Technical Conference on the Enhanced
Safety of Vehicles. Summary Of IHRA Pedestrian Safety WG Activities
(2005) -Proposed Test Methods To Evaluate Pedestrian Protection Afforded
By Passenger Cars. Washington, D.C.
Myers, B., Arbogast, K., Lobaugh, B., Harper, K., Richardson, W., & Drezner, M.
1994. Improved assessment of lumbar vertebral body strength using supine
lateral dual-energy X-ray absorptiometry. J Bone Min Res , 9(5):687–693.
Naif AS, S. B. 2009. In-depth analysis of pedestrian crashes in Riyadh. Traffic Inj
Prev., 10: 552–559.
National Highway Traffic Safety Administration. 1981. Report: Issue 9. Part 2.
NHTSA.
(s.d.).
Tratto
da
U.S.
Department
of
Transportation:
http://www.nhtsa.gov/cars/rules/.../PEA/pea-III.n.pdf
NHTSA. 2001. Traffic Safety Facts 2001: A Compilation of Motor Vehicle Crash Data
from the Fatality Analysis Reporting System and the General Estimates
System. Washington, DC:US: Department of Transportation National
Highway Traffic Safety Administration.
Oh, C., Kang, Y. et al. 2008. Development of probabilistic pedestrian fatality model
for characterizing pedestrian-vehicle collisions. International Journal of
Automotive Technology, 9(2): 191-196.
Olukoga IA. 2003. Pedestrian casualties and fatalities in road traffic crashes in a South
African municipality. Traffic Inj Prev. , 4: 355–357.
Otte D, K. C. 2003. Scientific approach and methodology of a new in-depthinvestigation study in Germany so called GIDAS. Paper presented at: ESV
Conference . Nagoya, Japan.

211

Chapter 4

ROAD USER VULNERABILITIES

Otte, D. 1994. Influence of the front hood length for the safety of pedestrians in car
accidents and demands to the safety of small vehicles. SAE Technical Paper
No.942232.
Pasanen, E., & Salmivaara, H. 1993. Driving speeds and pedestrian safety in the city
of Helsinki. Traffic Eng. Control, 34: 308-310.
Perry, J. 1992. Gait analysis: Normal and pathological function: Slack.
Piano L. 2013. Passive safety of motor vehicles. Design and experimentation criteria.
Rosen, E., & Sander, U. 2009. Pedestrian fatality risk as a function of car impact speed.
Accid Anal Prev , 41(3): 536-42.
Shojaati M. 2003. Correlation between injury risk and impact severity index ASI. In:
Proceedings of the 3rd Swiss Transport Research Conference, pp. 19–21.
Sicurauto. (s.d.). Tratto da https://www.sicurauto.it/crash-test-video/test-speciali/tuttii-manichini-da-crashtest- presenti-nel-mondo-automotive|hybrid-3.htm
Stephenson, S., Langley, J., & Civil, I. 2002. Comparing measures of injury severity
for use with large database. J Trauma, 53:326–332.
UMTRI. 2005. 1994–1998 NASS pedestrian crash data study (PCDS) codebook. .
Version 03 Mar01. UMTRI Transportation Data Center.
Vangi, D. et al. 2008. Ricostruzione della dinamica degli incidenti stradali. Firenze
University Press.
Virzi Mariotti G., G. S. 2014. Determination and analysis of the head and chest
parameters by simulation of a vehicle-teenager impact. Journal of
Automobile Engineering, 228(1):3-20(DOI:10.1177/0954407013501487).
Yang JK. 1997. Injury biomechanics in car-pedestrian collisions: development,
validation and application of human-body mathematical models. Doctoral
Dissertation, Department of Injury Prevention, Chalmers University of
Technology. Sweden.
Yang JK, a. L. 1997. Development and validation of a human body mathematical
model for simulation of car pedestrian collisions. . In Proceed ings of IRCOBI
Conference, pp. 133–149.
Yang, J. 2005. Review of injury biomechanics in car-pedestrian collisions. Int. J.
Vehicle Safety. Vol. 1 (1/2/3): 100-117.

212

Chapter 5

COUNTERMEASURES

CHAPTER 5. COUNTERMEASURES:
DESIGN CHOICES FOR THE
PROTECTION OF PEDESTRIANS
AND CYCLISTS
Globally, as explained in detail in the introduction, countries are striving to
reorganize transport networks by promoting a new form of mobility that is sustainable
and healthy for citizens. The task assigned to the designers is to create interconnected,
safe, attractive and comfortable routes so that users begin to change their habits by
preferring alternative modes of transport to motorized ones. In this chapter a
preliminary procedure was defined for the choice of the different types of pedestrian
and cycling routes starting from the characteristics of the area but above all from the
flows that interest it. Once the interventions that can be implemented have been
defined, through a benefit-cost analysis and with the help of technical guides, it is
possible to evaluate which are the most convenient and effective.

5.1 Risk-based prioritization
Most roads must accommodate a wide range of users. Each of these has different
needs, which often conflict, so a balance must be sought between allocating limited
space and the level of service provided to each user group.
To obtain an integrated approach, a hierarchy is used that strives to:
o
plan the environments by identifying the importance of each mode of travel;
o
identify the importance of each travel modality based on local needs. In some
cases, the user hierarchy might even change at different times of the day (for
example before and after school).
This approach involves understanding the interaction of different modes of
transport and requires awareness of the impacts they have on the transport network.
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Then the benefits and costs of the different planning or treatment decisions for each
group of road users have to be evaluated.
Before choosing the measure to be carried out, it is necessary to identify the highrisk areas, therefore where more accidents occur. These are usually found mainly in
built-up areas where there are high flows that are in conflict. A synthetic index was
therefore devised to privilege the intervention sites.

5.1.1 Synthetic index based on risk analysis
Evaluating a synthetic index does not mean estimating the actual probability of
death, but identifying the areas of high risk in a relative way. In fact, not having enough
information, in evaluating the various factors that make up the index it was assumed
that every time a pedestrian and a vehicle meet, there is an impact; this hypothesis is
only partially true.
The synthetic index is intended as the probability that on the jth section the vehicular
and pedestrian capacity of the crossing enter into a contract. Therefore, to estimate the
probability of death, the following data must be available:
- peak hour vehicular flow and its daily variation pattern;
- pedestrian flow rate at rush hour crossing (Eq. 3.16) and daily variation pattern on
an hourly basis
- site characteristics (Lu, S, W, I, X, f) Eq 2.9
So it can be defined as:
P(death)=∬𝑄

𝑉 ,𝑄𝑃

𝑃(𝐷|𝑉) ∗ 𝑃(𝑉|𝑄𝑉 ) ∗ 𝑃(𝑄𝑉 ) ∗ 𝑃(𝑄𝑃 )𝑑 𝑄𝑉 𝑑𝑄𝑝

5.1

The term P (D|V) represents the conditional probability of death that occurs when
a pedestrian of age Y impacts with a vehicle that velocity Vi on the jth segment. From
which one has:
1
5.2
P(D|V)=
1+exp(𝑎+𝑏𝑉𝑖𝑗+𝑐𝑌)

Where
 a, b and c are coefficients of the vulnerability functions taken from literature
(Helmer, T. 2015)
 Vij is the speed estimated with the model described in Chapter 2


Y understood as the average age derived from the distribution of ages in the
area (in this case on Cassino). it was considered that elderly people have a
lower propensity to make movements so the average age of pedestrian users is
calculated for an age range between 6 and 70 years.
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The second term P (V│QV) represents the probability of having a certain speed
given a vehicular flow; therefore, for what has been said in Chapter 2, this probability
is a normal distribution as the flow rate varies.
To simplify, the probability is expressed in discrete terms, so the double integral
becomes a sum. This makes it possible to consider the probability of death on the ith
segment as a product of the vulnerability function, of the vehicular and pedestrian flow
rates of the stretch relative to the specific time of day. To consider a typical day this is
multiplied by a factor f =𝑛°𝑡𝑦𝑝𝑒 𝑖 ℎ𝑜𝑢𝑟𝑠 𝑜𝑣𝑒𝑟 𝑎 𝑦𝑒𝑎𝑟 ⁄𝑛°𝑡𝑜𝑡𝑎𝑙 ℎ𝑜𝑢𝑟𝑠 𝑜𝑓 𝑎 𝑦𝑒𝑎𝑟 =1/24
1

P(death)j=∑24
𝐼=1 1+exp(𝑎+𝑏𝑉𝑖𝑗+𝑐𝑌) 𝑄𝑉𝑖𝑗 𝑄𝑃𝑖𝑗 *f

5.3

Where: the logistics function represents the vulnerability function while Qv eQp
the vehicular and pedestrian flows of crossing the section.
Having available both pedestrian and vehicular patterns diversified for the
weekdays and pre-holidays scenarios, the probabilities P(death_weekdays)j and
P(death_pre holidays)j are evaluated. To obtain a single index, an average is evaluated:
𝑛° 𝑤𝑒𝑒𝑘𝑑𝑎𝑦𝑠

𝑛° 𝑝𝑟𝑒ℎ𝑜𝑙𝑖𝑑𝑎𝑦𝑠

P(death)j=P(deathweekdays )j 𝑛° 𝑡𝑜𝑡𝑎𝑙 𝑑𝑎𝑦𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑦𝑒𝑎𝑟 + P(deathpreholidays)j 𝑛° 𝑡𝑜𝑡𝑎𝑙 𝑑𝑎𝑦𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑦𝑒𝑎𝑟

Once the index is obtained, it is normalized to the maximum value and the segments are
prioritized. Below is a result of the prioritization of the main segments of the Cassino
network.

Figure 5.1 Sections prioritization

As shown in Figure 5.1, the sections in which it is necessary to intervene with
priority are those of the main access road to the city center and the area where schools,

215

Chapter 5

COUNTERMEASURES

post offices and the municipality are concentrated (in red). The medium priority area
is linked to the presence of numerous roadside parking spaces with appreciable
vehicular and pedestrian flows (in orange).

5.2 The pedestrian areas
When it comes to pedestrian environments according to international literature, 3
main macro-categories can be identified:

Shared zones is a residential or commercial street that has been designed to
prioritize residents and pedestrians by significantly reducing the dominance of
motor vehicles. The path for vehicles is physically constrained by street furniture
and restrictions, with no delimitation between the sidewalk and the carriageway.
Shared zones are suitable for compact areas with low traffic flows. Their
maximum size is limited by the need to reduce response times for emergency
services and to limit the extent of the carriageway that must be traveled by
motorists at low speed.

Figure 5.2 Shared zone example (taken from Google Images)



Pedestrian precincts: are areas dedicated to the exclusive use of pedestrians.
These are created by restricting access or closing roads to traffic. Pedestrian
zones are advantageous where there is strong pedestrian activity, commercial or
mixed development, a high number of pedestrian/vehicle conflicts, and motor
traffic can be accommodated elsewhere.
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Figure 5.3 Pedestrian precincts example (taken from Google Images)



Living streets: are streets where pedestrians have priority and vehicles are not
excluded. This makes it possible to balance the needs of residents, businesses,
pedestrians and cyclists with cars, thus encouraging a better quality of life and a
wider range of community and street activities. However, this solution requires
high costs and possible delays in motorized traffic.

Figure 5.4 Living street example (taken from Google Images)

In Italy these areas are called environmental islands; in these, a series of measures
are put in place to inhibit vehicular traffic in order to favour cycle and pedestrian
circulation. The measures for traffic and speed control, which are usually adopted in
these areas, are:
a)
Limited Traffic Zones (LTZ) to limit the number of vehicles in circulation in a
specific area;
b)
Residential Areas (or PPTA - Privileged Pedestrian Traffic Areas);
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c)

Pedestrian areas in the case of spaces intended for pedestrian transit only and
therefore directed to the protection of central places such as squares or spaces,
even if peripheral, in any case conceived and organized for exclusively
pedestrian use.
In this study, the focus was mainly on pedestrian areas. There is a ban on transit
and parking with the forced removal of all vehicles with hours 0.00 - 24.00.
Notwithstanding the prohibition, vehicles in emergency service (police forces, rescue,
firefighters, etc.), cycles, vehicles serving disabled people (bearing the mark referred
to in art. . 381 of Presidential Decree 405/92), zero-emission vehicles, having
dimensions and speeds such as to be assimilated to cycles, electric mini-busses.
In order to dimension these areas, as well as the simple sidewalks, reference is made
to the Highway Capacity Manual 2000 in order to identify its quality in terms of service
level. So a good design considers as performance parameters:
the space available for pedestrians (area of influence of each pedestrian,
approximately 0.75 m2) or that which can be observed directly on the field by
measuring the sample area of the infrastructure in question and determining the
maximum number of pedestrians that this area can accommodate at any given
time;
the speed of pedestrians observed or estimated based on age group.
the average pedestrian flow, or the count of pedestrians in the fifteen minutes
rush hour.
This makes it possible to estimate, according to the useful width, the level of service
of the sidewalk
Table 5.1Level of service of the sidewalk

LOS

Flow unit
width
(ped/ min/m)
≤16.7

Average
speed
( m/s)
> 1.3

V / c ratio

Description

A

Average
space
(m2/ p)
> 5.5

> 5.5

B

3.7÷5.5

16.7 ÷23.3

1.4 ÷1.3

3.7÷5.5

C

2.2÷3.7

23.3 ÷33.3

1.2 ÷1.3

2.2÷3.7

D

1.7÷ 2.2

33.3÷50

1.1 ÷1.2

1.4÷2.2

Ability to move along
the desired path
without deviating the
trajectory
Occasional need to
deviate the trajectory
to avoid conflicts
Frequent need to
deviate the trajectory
to avoid conflicts
Reduced speed and
reduced chance of
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E

0.7÷1.4

50÷76.7

0.8÷1.1

0.7÷1.4

F

≤ 0.7

variable

≤ 0.8

≤ 0.7

overtaking slower
pedestrians
Reduced speed and
very limited ability to
overtake slower
pedestrians
Very slow speed and
frequent contact with
other pedestrians

Once the dimensions of the area on which to intervene have been evaluated, the
costs are estimated starting from the unit price lists. This allows, based on the available
budget, to prioritize the areas in which to intervene and to what extent. Certainly, in
all areas where there is the promiscuity of modes of transport, it is necessary to secure
the crossing areas of the carriageway. Therefore, pedestrian crossings must be
designed with particular attention.

5.2.1 Pedestrian crossings
The areas of the road where the pedestrian is most likely to come into conflict with
the vehicular flow, therefore in which the exposure to risk is greatest, are the crossings.
This requires careful planning and the need to pursue the following objectives:

accessibility, safety and comfort for pedestrians;




perceptibility of pedestrian crossing;
reduction of vehicle speed;
reciprocal pedestrian-vehicle visibility.
As regards accessibility, safety and comfort of pedestrians, attention must be paid
to the type of flooring, the quality of the safety equipment to facilitate the crossing in
the indicated place, to ensure the continuity of the pedestrian crossing with the
pedestrian path/cycle path and the sidewalk and, finally, also the elimination of
architectural barriers for the disabled.
The second objective is the perceptibility of the pedestrian crossing, whose shape,
size and location must derive from an integration project between the road and local
functions.
The third goal is to reduce vehicle speed without compromising mobility. In the
presence of areas in which the different traffic components share the same spaces, there
is a need for each of them to behave correctly. To control the conduct of drivers and
reduce speed, various interventions are implemented such as signs, narrowing of the
carriageway, speed bollards, works to raise the pavement, etc.
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Finally, reciprocal visibility must always be guaranteed or improved, by intervening
above all on the elimination of the side stop near crossings, or by advancing the
sidewalks, or by using retro-reflective systems, or by enhancing public lighting with
LED solutions.
The optimal design of a pedestrian crossing, both from a functional and a geometric
point of view, presupposes the knowledge of data or estimates relating to pedestrian
and vehicular traffic. In this regard, in accordance with the sector bibliography, the
following minimum conditions are required to create a pedestrian crossing:


vehicular traffic in transit on the crossing is 200-250 vehicles/hour per lane
during rush hour;



pedestrian frequency is 50 pedestrians/hour during rush hour or 100 pedestrians
during the busiest 3-5 hours of the day.

5.2.2 Total kinetic energy of the vehicular flow
To fully describe the traffic that characterizes a site, it is necessary to define a
quantity that takes into consideration both the estimated vehicular flow and the
speeds that characterize the trunk. This quantity, improperly called the kinetic
energy of the vehicular flow, is the synthesis of the two quantities described above.
In this specific case, it is possible to consider the kinetic energy as a quantity that
takes into account not only the vehicular flow of the observed trunk but also the
speeds that vehicles can take along it.
The kinetic energy of the vehicular flow has been defined as the following quantity:
𝐾 = 𝑚𝑣𝑒ℎ𝑖𝑐𝑙𝑒 ∙ 𝑄𝑣𝑒ℎ𝑖𝑐𝑙𝑒 ∙ 𝑉𝑣𝑒ℎ𝑖𝑐𝑙𝑒 2 + 𝑚ℎ𝑣 ∙ 𝑄ℎ𝑣 ∙ 𝑉ℎ𝑣 2

5.4

Where:
K = Kinetic Energy of the flow [J];
mvehicle = mass of light vehicles [kg];
Qvehicle = vehicular flow [veh/s];
Vvehicle = speed of light vehicles [m/s].
mhv = mass of heavy vehicles [kg];
Qhv = heavy vehicle flow [veh/s];
Vhv = speed of heavy vehicles [m/s].
The kinetic energy thus defined can be used as an input value for the choice of the
type of crossing.
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5.2.3 Proposed procedure
In choosing the type of pedestrian crossing, the volumes of vehicular and pedestrian
traffic present, the speeds and the type of road involved must be evaluated.
Pedestrian crossings can be classified into macro-categories (in ascending order of
economic investment; costs are purely representative as they vary greatly locally
and even more nationally)
Table 5.2 Average cost of a pedestrian crossing

Type of crossing

Average cost of realization
(€ per crossing)

marked crosswalk
raised pedestrian crossing
pedestrian crossing on request
pedestrian overpasses/underpasses

500
6000
15000
35000

In the event that the pedestrian traffic component is not allowed (rural area) and in
the case of high vehicle flows and high vehicle speeds, it is recommended to resort to
the choice of crossings at staggering levels.
The selection criterion proposed here is reported in Table 5.3, which presents a
synoptic table of the applicable types of pedestrian crossing, in relation to the
pedestrian flow and the energy of the vehicular flow (estimated with the pedestrian
flow per lane).
Table 5.3 Choice of the type of crossing based on flow assessments

Pedestrian flow
(peak h) [ped / h]
> 300
<300 and> 100
<100

Energy of the vehicular flow (peak hours) [J]
<38580
<12860
> 38580
and>12860

level / on
request
level / on
request

on request/
raised
level / on
request

level

level/ on request
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The above matrix indicates general criteria that cannot be separated from site
analysis and the designer's discretion.
Once the type of crossing has been identified, in order to define the construction
details, additional factors must be considered, such as:
-

signs: in the event that, within a hundred meters of the site under study, there are
more than five advertising billboards in order to highlight the vertical signs
relating to the crossing, it is appropriate to signal it with luminous devices;

-

brightness: if existing or to be built, it should be adapted as reported in the UNI
10439 and EN 13201 standards (UNI 10439 “Illuminotecnica - Requisiti
illuminotecnici delle strade con traffico motorizzato”. 31/07/2001, Ente Italiano
di Normazione) from which the following table has been extrapolated

-

location of pedestrian crossings must achieve the right balance between the
needs of pedestrians and those of vehicular traffic.
Generally, the choice of location derives from safety studies based on the

surrounding area, therefore a geometric analysis of the stretch of road on which you
want to make the pedestrian crossing is required, paying particular attention to:
–

number of lanes to cross which affects the length of the pedestrian crossing and
the possible insertion of a pedestrian life jacket in the middle;

–

longitudinal slope of the pedestrian crossing (slope transversal to the direction
of travel of vehicles) which, if higher than 5%, could represent an obstacle to the
accessibility of vulnerable users.

–

transversal slope of the pedestrian crossing (longitudinal slope to the direction
of travel of the vehicles) necessary to ensure the flow of rainwater on the section
used for the crossing itself.

–

analysis of the visibility distance for stopping.
Particular attention must be paid to the design and definition of the equipment of

the single crossing.

5.2.4 Pedestrian crossing categories
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In the previous paragraphs, the preliminary analyzes useful for choosing the type
of pedestrian crossing most suitable for the case study have been presented, below are
the possible positions and furnishings of the crossing in particular cases:
–

marked crosswalks;

–

raised pedestrian crossings;

–

pedestrian crossings on request;

–

pedestrian crossings near public transport stops;

–

pedestrian crossings near cycle paths;

–

pedestrian overpasses.

In the following paragraphs, the types of pedestrian crossing are presented
separately, presenting the most important characteristics.
Marked crosswalks
DESCRIPTION
A marked crosswalk is a classic zebra. Depending on the case, it is positioned as
shown in the following table:
Table 5.4 Safe positioning of a marked crosswalk
DESCRIPTION

STANDARD

ADDITIONAL INFORMATION

Positioning near
roundabouts

≥ 5 m upstream of the
roundabout

the pedestrian crossing must be
set back by 5 meters with respect
to the outer edge of the circular
ring so that pedestrians can pass
behind the first stationary car
waiting to enter the crown.

Positioning near
intersections regulated
by the STOP sign

≥ 5 m upstream of the
intersection

Positioning near
intersections with
precedence rule

Positioning near intersections
with precedence rule ≥ 5 m
upstream of the intersection
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After the stop line of the
traffic light

LOCATION
The pedestrian crossing must always be made orthogonally to the sidewalk to
facilitate the orientation of visually impaired people who tend to make a trajectory
perpendicular to the sidewalk itself. If this were not the case, they would risk finding
themselves crossing outside the pedestrian crossing with the danger of being in the
center of the intersection. The location of the pedestrian crossing takes into account
both the average traffic of vehicles and the needs of pedestrians. Possibly it is placed
away from curves and bumps at least at a distance equal to the stop distance.
Raised pedestrian crossing
DESCRIPTION
The raised pedestrian crossing is an elevation of the carriageway, with connecting
ramps in the longitudinal direction to the movement of the vehicles, created to give
continuity of height to the sidewalk and to the pedestrian path in correspondence with
a pedestrian crossing. This type cannot be used on roads where emergency services
pass frequently.
In the raised pedestrian crossing, the pedestrian has priority over the vehicles. In
fact, it is not the pedestrian who gets off the sidewalk to “invade” the carriageway used
by the vehicles, but the vehicle in transit that rises to the level of the sidewalk where
the pedestrians are; in the raised pedestrian crossing the intruder is the vehicle.
The raising of the carriageway to the level of the sidewalk, in correspondence with
the pedestrian crossings, allows further benefits in terms of safety and accessibility as
it moderates the speed of passing vehicles and eliminates the need to create access
ramps.
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Figure 5.5 Example of raised crossing (source Google Images)

The slope of the connecting ramps must not exceed 15% in the case of speeds less
than or equal to 50 km/h. In “zone 30”, where the maximum speed of vehicles is 30
km/h, the slope of the connecting ramp can be raised to 17.5%. To make the connecting
ramp more visible, between the level of the carriageway and the level of the sidewalk,
it is advisable to provide stripes of alternating color, White/Black or Yellow/Black.
It is necessary to provide suitable vertical warning signs for raising.
The width of the raised area must be proportional to the extent of pedestrian flows
and, in any case, must not be less than 3.50 m, i.e. the minimum width of the crossing
plus two lateral clearances of at least 0.50 m each.
LOCATION
The pedestrian crossing must always be made orthogonally to the sidewalk to
facilitate the orientation of visually impaired and blind people who tend to follow a
trajectory perpendicular to the sidewalk itself. Pedestrian crossings can be located near
intersections or anywhere else on the road. In some cases, the authorities may associate
the pedestrian crossing right with a fixed lighting system. The location of the
pedestrian crossing takes into account both the average traffic of vehicles and the needs
of pedestrians. Possibly it is placed away from curves and bumps at least at a distance
equal to the stopping distance. This typology is strongly recommended near school
and attractive recreational areas (cinemas, parks, etc).
Pedestrian crossing on request
DESCRIPTION
A pedestrian crossing on request is characterized by the presence of lanterns of two
colors:
–
the green, meaning the go-ahead, which allows pedestrians to use the roadway
to cross;
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–

red, meaning stop, which does not allow pedestrians to cross, nor to engage the
carriageway.
On the other hand, the transition phase is not envisaged but alternatively, two
solutions are envisaged:
 countdown device (art. 60, paragraph 1, of
law no. 120 of 29 July 2010) which marks the
remaining time of the green and red
pedestrian phase; the device can be
positioned, for example, in place of the
current yellow lantern. These have a Figure 5.6 Countdown device (source
minimum height of 120 mm for lights with a Google Images)
diameter of 200 mm and 185 mm for lights
with a diameter of 300 mm;
 an animated pictogram (pedestrian traffic
lights in the shape of a colored pedestrian on
a black background):
Figure

5.7

Example

animated

pictogram (source Google Images)

In the pedestrian red phase, the pedestrian pictogram is static and colored red, while
in the pedestrian green phase the pedestrian pictogram is animated; it moves at a
normal pace and accelerates the pace in the last period of pedestrian green.
The calculation of the pedestrian green area presupposes the knowledge of the
pedestrian speed during the crossing phase. Usually, a speed of 1 m/sec is considered
and compared to the length of the crossing (for example: for a carriageway of 10 m it
is estimated that it takes 10 sec to cross it). The duration of the pedestrian green time
calculated in this way can be corrected, at the discretion of the designer, by means of
coefficients that take into account the specific characteristics of the pedestrians who
use the crossing; for example, elderly or disabled users who have a pace slower than 1
m/sec.
LOCATION
The pedestrian crossing must always be made orthogonally to the sidewalk to
facilitate the orientation of visually impaired and blind people who tend to follow a
trajectory perpendicular to the sidewalk itself. Pedestrian crossings can be located near
intersections or anywhere else on the road. In some cases, the authorities may associate
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the pedestrian crossing right with a traffic light, a fixed or flashing lighting system, or
an artificial bump to slow down the speed of vehicles. The location of the pedestrian
crossing takes into account both the average traffic of vehicles and the needs of
pedestrians. Possibly it is placed away from curves and bumps at least at a distance
equal to the stopping distance. In the case of traffic light intersections, the crossing
must be placed in front of the vehicle stop line.
Pedestrian crossing near public transport stops
DESCRIPTION
In the case of crossings at public transport stops, depending on how they are made
(on the carriageway or off the carriageway), the characteristics of the road (one-way,
two-way, one or more lanes in each direction, ...), the crossing can be set back from
the public transport stop in the following cases:
a) In the event of a public transport stop on the carriageway, on a two-way street
and crossing without traffic lights; the retreat must allow for a suitable distance
of visibility between pedestrians and oncoming vehicles.

Figure 5.8 Crossing at the public transport stop on the cat carriageway

b) In the event of a public transport stop outside the carriageway, on a two-way
street and traffic light crossing, the setback depends on the geometry of the
recess intended for the stop.

Figure 5.9 Crossing near public transport stops

Or directly behind the public transport stop in the following cases:
c) Public transport stop on the carriageway, on a one-way street and crossing
without traffic lights.
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Figure 5.10 Crossing near public transport stops

d) public transport stop on the carriageway, on a two-way street but where there is
a traffic island in the center of the carriageway and crossing without traffic
lights.

Figure 5.11 Crossing near public transport stops

e) public transport stop in the carriageway, on two-way roads and in the presence
of traffic lights.

Figure 5.12 Crossing near public transport stops

Solution (d) is possible because the traffic island guarantees pedestrian protection
from traffic currents coming from the opposite direction, which are not easily visible.
In the event of significant constraints, the crossing can also be made advanced with
respect to the bus stop, but always to such an extent as to ensure the necessary visibility
between pedestrians and traffic currents.
LOCATION
The pedestrian crossing must always be made orthogonally to the sidewalk to
facilitate the orientation of visually impaired and blind people who tend to follow a
trajectory perpendicular to the sidewalk itself. If this were not the case, they would
risk finding themselves crossing outside the pedestrian crossing, and in the event of an
intersection, with the danger of being in the center of it. In the presence of level
intersections without traffic lights, the pedestrian crossing, if existing, must be

228

Chapter 5

COUNTERMEASURES

positioned 5 meters before the intersection itself to avoid that the driver does not pay
sufficient attention to the pedestrian about to cross, as he is busy carrying out his
maneuver. The distance chosen is also such as to allow the crossing back behind the
first vehicle. The location of the pedestrian crossing takes into account both the
average traffic of vehicles and the needs of pedestrians. Possibly it is placed away from
curves and bumps at least at a distance equal to the stopping distance.
Pedestrian crossing near cycle paths
DESCRIPTION
In the event of a pedestrian crossing at the cycle lane stops, it is advisable to separate
the two user modes, creating the external cycle crossing alongside the pedestrian
one.

Figure 5.13 Crossing positioning in the presence of cycle paths

If the cycle path is one of the lanes of the carriageway, the crossing must start before
the track itself, the track must be considered as a normal lane to cross, especially in
the case of traffic lights.

Figure 5.14 Crossing positioning in the presence of cycle paths

LOCATION
The pedestrian crossing must always be made orthogonally to the sidewalk to
facilitate the orientation of visually impaired and blind people who tend to follow a
trajectory perpendicular to the sidewalk itself. If this were not the case, they would
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risk finding themselves crossing outside the pedestrian crossing, and in the event of an
intersection, with the danger of being in the center of it. In the presence of level
intersections without traffic lights, the pedestrian crossing, if existing, must be
positioned 5 meters upstream of the intersection itself to avoid that the driver does not
pay sufficient attention to the pedestrian about to cross, as he is busy making his
maneuver. The distance chosen is also such as to allow the crossing back behind the
first vehicle. The location of the pedestrian crossing takes into account both the
average vehicle traffic and the needs of pedestrians. Possibly it is placed away from
curves and bumps at least at a distance equal to the stopping distance.
Pedestrian overpasses/underpasses
DESCRIPTION
In the case of roads with separate lanes or characterized by a strong traffic
component, in order to allow the crossing, it is advisable to think of an altimetrically
staggered crossing model with stairs that allow overcoming the difference in height
between the level of the walking surface and that of the deck of the bridge.
In order to break down the architectural barriers constituted by the stairs, the
installation of side lifts was planned in such a way as to allow the outflow of pedestrian
traffic even in the presence of the disabled. Please refer to Ministerial Decree
11/5/2001 (n. 6792).

Figure 5.15 Example of an altimetrically staggered crossing (source google Maps loc. Grotte Celoni, RM)

230

Chapter 5

COUNTERMEASURES

Figure 5.16 Example of an altimetrically staggered crossing (source google Maps loc. Grotte Celoni, RM)

5.2.5 Benefit-cost analysis
Once the type of crossing to be implemented has been chosen, and the pedestrian
and vehicular flows known, it is necessary to consider the characteristics of the site to
ensure that it is clearly identified by users. Road policies and characteristics can help
promote active transport, such as the use of orientation signs or crossing signs. So the
environments need to be redesigned to make these ways safer and more enjoyable. To
do this, the designers must choose, based on the available budget, one or more
measures to be installed, taking into account both the implementation and operating
costs. The infrastructure costs reported in this paragraph are intended to help and
encourage the improvement of these environments but are only indicative, as they are
known to vary greatly from city to city and from state to state.
Table 5.5Average cost estimated by type of pedestrian crossing
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After the installation of a particular treatment it is possible to estimate the expected
number of accidents, with respect to a basic condition (Gross, Persaud, & Lyon, 2010);
This multiplying factor of estimation, which in Italy does not yet exist, is called Crash
Modification Factor (CMF) overseas. When the CMF is greater than 1.0 there is an
expected increase in the number of accidents after treatment is implemented, while a
CMF of less than 1.0 indicates a decrease in the number of accidents. Then CMFs are
used to estimate the safety benefits of alternative treatments and/or identify costeffective strategies.
The FHWA (2009) has created an online CMF archive where it uses a star quality
rating system to evaluate the quality of the individual CMF (then they consider sample
size, standard error, potential bias and source quality some data). The rating scale
ranges from 1 to 5, with 1 being the lowest rating and 5 being the best possible rating.

Figure 5.17 Example of a CMF table for installing a raised pedestrian crosswalks (from (Federal
Highway Administration, 2009))

5.3 Cycling network design
The design of a short-distance transport network depends on historical
characteristics and land use evolution, thus knowledge of the land use layout,
topography, climate and lifestyle of the population is required. In addition, it is
necessary to have traffic data (flow of motor vehicles, cyclists and pedestrians) and
injury rates, highlight the presence of attractions (schools, universities, commercial or
recreational activities, tourist areas, etc.) and existing structures with their respective
geometric characteristics.
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Known the land use characteristics, the different origins and destinations must be
taken into consideration to identify the paths that users could choose to meet their
needs.
This allows you to hierarchize the network in:
 Main cycling paths, for
long distances, with city or
interurban
connection
function;

 Secondary
roads
that
connect
adjacent
neighborhoods;

 Local routes, for short
distances, which allow
movement within the
neighborhoods.

5.3.1 Types of cycling path layouts
Before defining the proposed methodology for the design cycling infrastructure for
given area characteristics and flows, the most common cycling path layouts are briefly
presented. Although this is not an exhaustive review, given the different legal
definitions and terminologies used in EU countries.
Depending on whether or not cyclists share the infrastructure with other users, three
situations can occur:
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1.
total sharing of road space
between bicycle and vehicular traffic;
this is usually a one-way lane, but there
may be situations where the bicycle
can travel in the opposite direction (for
example, zone 30).

Figure 5.18 Example of sharing street space
(zone 20)

2.
visual separation with simple
indication with horizontal signs on the
sidewalk of the runway. The space
intended for bicycles is an integral part
of the carriageway, unidirectional,
generally in the direction of the traffic
flow.

Figure 5.19 Visual separation of the cycle path
by means of horizontal signs

3.
physical separation: it is a lane,
one or two-way, dedicated to bicycles
(with the possibility of sharing with
non-motorized modes) separated by
obstacles from the road for other ways.

Figure 5.20 physical separation of the cycle
path by railing

By reviewing the different guidelines of European countries (Meschik, 2008),
(Mobility, 2006), (Celis, 2014), (Julien, 2000), (Ciclável, 2011), (Government of
Catalonia, 2008), (Landsting, 2010), (Eidgenossenschaft, 2010), (Officials, 2014)
albeit with different names, cycle paths can be grouped as shown below.
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Greenway
It is a "multipurpose" route reserved for
non-motorized users, separated from
traffic and independent from main roads,
which passes through open spaces, parks,
gardens and woods and must respect the
surrounding environment. Sharing the
lane by different users can cause conflicts

Figure 5.21 Greenway example

so it is recommended to physically
separate the different parts intended for
different users.
Cycle lane
It is a cycle path with independent lane,
separated from the carriageways, designed
for the exclusive use of bicycles.

Figure 5.22 Example of cycle lane

Protected cycle path
They are protected lanes designed
exclusively for bicycles with physical
separation from motorized traffic. Usually
neither pedestrians nor skaters are Figure 5.23 Example of one-way Protected
allowed. This can be one-way (one lane on
cycle path
each side of the main road) or two-way
(one lane with both directions on one side
of a main road) usually near a road with
high motorized traffic.
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Cycle path
It is reserved for bicycles separated from
the rest of the circulation by horizontal
signs. It is designed for roads at low speed
and with reduced transit of heavy vehicles.
Figure 5.24 Example of cycle path

Road of 30 km / h zone
In this both bicycles and cars share the
carriageway
without
any
access
restrictions.

Figure 5.25 Example of road of 30 Km/h
zone

Cycle track
In which pedestrians and cyclists share the
sidewalk. The part intended for the bicycle
must have the relative signs. As there is
not always enough space, this usually
takes place in pedestrian areas or in
common routes where the speed limit for
cyclists is 20 km/h.

Figure 5.26 Example of cycle track

Shared-use path
It is a shared between pedestrians and cars.
These roads are also suitable for cycling,
but with a speed limit of 20 km/h and with
pedestrians always having priority.
Figure 5.27 Shared-use path example

5.3.2 Choice of the specific cycling path layout to be adopted
Since there is no absolute rule for the application of the different solutions for the
choice of cycle paths, it is necessary to take into account the density and speed of the
vehicles (to define the type of protection on the cycle path), the expected number of
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cyclists (to define the width of the track), the existing space and the urban environment
(to identify the type of cycle path and its characteristics).
Once that cyclic flows have been evaluated as described above, it is possible to use a
decision matrix, such as the one shown below (Dufour D., Ligtermoet and the
Netherlands Partners, 2010), and define the type of cycling path layout solution
suitable for each specific road section.
Table 5.6 Decision matrix

Speed (Km/h)

Intensity (vehicles/day)

Not applicable

0

Density of cyclists (bike/day)

Function traffic road

<750

Local
access
road

Walking space or 30
Km/h

2x1 lanes
Distribut 50 Km/h
2x2 lanes
or road
70 Km/h

1-25000
2000-5000
>4000
not applicable

500-2500
Greenway

Shared-use path

>2000

Cycle
lane or
cycle path

Cycle lane or cycle track

Cycle track (adjacent or separated)

In order to choose the ideal solution from among the possible solutions, it is
necessary to take into account the characteristics of the road, the flows, the speeds, the
surrounding space, the hierarchy of the roads but also the economic resources
available.
This means that planners and decision-makers must carry out cost-benefit analyzes
that may represent an effective help to use the funds in a targeted way and to justify
the investment on one choice rather than another. According to Elvik (2000), the costbenefit analysis of pedestrian and cycle infrastructures should use methodologies
similar to those used for transport projects in general, keeping in mind that the costs
associated with the design and construction of the cycling infrastructure improvements
are relatively low compared to road projects of similar lengths.
Although apparently simple, it is not so straightforward to estimate the costs for the
installation of cycle networks as these are often part of a larger maintenance project,
such as the resurfacing of a road. So while it is quite simple to describe the cost of
purchasing and installing the bike path material (vertical signs, paints, etc), the other
elements are grouped together in the larger project and difficult to detail.
Each cycling path layout type has a series of possible variable costs, deter-mined
by the different measures implemented, which are linked to the design, operation of
the work and its maintenance.
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The costs presented in this paper, relating to the design of cycle networks in Italy,
are purely representative as they vary greatly locally and even more nationally. The
purpose is only that of identifying a series of possible interventions to increase cycling
of a generic area, but the evaluation of each to determine which are the most
convenient will require further research and the development of an assessment
framework appropriate to the context.
Table 5.7 Cost estimates for the design of the different solutions

Cost (€ / Km)
Unidirectional Bidirectional
50000
40000

Cycle
lane

Road
Protected Cycle
of 30 Cycle track
cycle path path
Km/h

Type of separator
Road markings
Colored bitumen

125000

100000

Curbstone
Creasing
Flower bed
Parking stalls
Horizontal signs
Sidewalk with staggered
floors
No separation on the
sidewalk
No separation on the
road
Calcestre

210000
100000
210000
260000
170000

120000
60000
120000
140000
120000

165000

120000

40000

35000

\

330000

Bitumen

\

195000

60000

It is intuitive to understand that optimizing the existing network by inserting a
horizontal and vertical signaling system that delimits the route requires moderate
financial resources (400 to 600 €/Km). Just as expanding an existing cycle net-work
involves lower costs than new construction. Similarly, it is more convenient to create
multi-purpose cycle paths than dedicated ones.
Many authors (Bushell, Poole, Zegeer & Rodriguez, 2013) (NACTO, 2014) (Benni,
Macaraig & Malmo-Laycock, 2019) (Nuno Lopez, Cannone, Drufuca & Dondè, 2006)
(Weigand, McNeil & Dill, 2013) have dealt with defining the costs of the different
solutions, sometimes lacking details on the different components of the project. All
the studies analyzed refer to specific manuals to define the costs according to the
characteristics of the work to be carried out.
Once the costs have been defined, the benefits due to the construction of the work
must therefore be assessed in terms of reduction of material damage caused by
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accidents, reduction of pollutant emissions, improving the quality of life and social
profitability. The best solution will be the one that, over time, will lead to benefits that
exceed the costs.

5.4 Conclusions
Zero impact travel is still not very common in people's daily lives. Many people
prefer to use their private vehicle even for short trips. Although in recent years the idea
has become increasingly widespread that promoting walking or the use of bicycles as
a mode of transport allows improving health conditions, supporting sustainability and
facilitating access to different areas. It has been shown (Monsere, Dill, McNeil &
Clifton, 2014) that, by installing dedicated infrastructure, users are able to perceive a
greater level of comfort and safety which encourages them to use these "new" modes
of transport in urban areas.
In this chapter, an original methodology has been suggested that is able to identify
the optimal layout between the different solutions within a specific study area. Since
there is no absolute rule for the application of the different solutions for the choice of
cycle/pedestrian routes, it is necessary to take into account the density and speed of
the vehicles (to define the type of protection to be provided to separate the flows), the
expected number of vulnerable users (to define the width of the area dedicated to
pedestrians and cyclists), of the existing space and of the urban environment (to
identify the type of cycle path or pedestrian area and its characteristics). Once these
quantities have been identified, by combining them, it is possible to choose the one
suitable for the context among the different solutions. This procedure is aimed both at
guiding the designers (also on the basis of the available budget) in the choice of the
countermeasure but also at providing them with a valid tool to justify the choice of one
investment rather than another. This would make it possible to obtain a network that
satisfies the needs of both users and managing bodies.
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CHAPTER 6. PUNCTUAL
COUNTERMEASURES: TRAFFIC
CALMING
In In recent years, the number of accidents has assumed such high proportions that
it has become a major cause of death and disability in Europe and the rest of the world,
causing high social and economic costs. It is therefore legitimate to ask what is meant
by road safety. In Italy, there is no universally accepted definition of road safety. The
latter could be defined as the set of measures and methodologies aimed at preventing
or reducing the risk of injury and death for road users (drivers, passengers and
pedestrians). As noted in Chapter 2, speed is one of the underlying elements of the
safety problem. Numerous countermeasures have been created over the years to
influence the behavior of drivers, inducing them to reduce speed. Among the many,
traffic calming allows obtaining this result with reduced costs and a minor
modification of the road environment. Once the regulatory framework has been
analyzed and the different types of devices have been identified (see Appendix B), the
disturbance effects have been studied with simplified models. In fact, when these
devices are crossed, they generate stresses in the occupants of the vehicle which can
be reduced by moderating the speed. It has been highlighted that these interventions,
if correctly applied, lead to greater accessibility of public space by vulnerable road
users, favoring non-motorized mobility precisely because greater safety conditions
have been restored.

6.1 State of art
Speed management has become a major issue over the past century. For this reason,
more and more often, horizontal and vertical devices are installed (for example speed
humps, gateways, speed humps, speed cushions, etc.); which serve precisely to force
the drivers to maintain the speed set according to the type of the road. However, traffic
calming does not guarantee that you will always obtain speeds that comply with the
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imposed limits. This has encouraged researchers from various countries to start
evaluating the effect of such measures, to determine their effectiveness based on size
(height, length, gradient and radius) and shapes. Efficiency is evaluated by means of
speed reduction or accident rate decrease and, sometimes, road capacity.
The first studies were conducted since 1980 (Waltz, Hoefliger & Fehlmann), (Van
Houten & Van Huten, 1987), later different devices were studied from various points
of view: efficacy studies, standards, guidelines.
In this Paragraph the devices with altimetric effect were mainly analyzed
considering the experimental and theoretical studies.

6.1.1 Experimental studies
In the experimental studies, before-after analyzes are carried out, in which the sites
before and after the installation of the devices are compared in order to evaluate the
variation in speed and traffic flows, thus determining the effectiveness of the installed
measurement.
As is known, traffic calming deviates traffic volumes on the roads adjacent to those
in which they are installed, therefore many scholars (Werner, 2012) (Berthod, 2011)
(Johansson, Rosader, & Leden, 2011) have set themselves the objective of evaluating
the impact they have on the surrounding areas or at different times of the day
(Jagerbrand, Johansson, & L., 2018).
Depending on the type of device and its geometry (Webster & Layfield, 1998)
(Marek & Walgren, 1993) (Kirkpatrick, 1996) (Klyne, Mie & Maitpm, 1998) (Parkhill,
Sooklall, Geni, & Bahar, 2001) (Ziolkowski, 2014) (Traffic Engineering South
Carolina Department of Transportation, 2006) different speed reductions are generated
(Smith, Knapp & Dr. Hallmark, 2002) (Shauna, Keith, Gary, & S., 2002) (Moreno,
Garcia & Romero, 2011) (Giffod, 1973) (Chadda, Asce, & Cross, 1985) (Russell &
Godavarthy, 2010) also due to the different area of influence in which the slowdown
occurs (Basil, 2012). This suggests that in order to obtain significant speed reductions,
one could think of inserting the devices in series (Richard, et al., 2016), therefore one
would no longer evaluate the punctual speed but a speed profile (Heloisa, Miles, Tight
& May, 2000) (Latoya & Nedzesky, 2003) (Gunwoo, Shinhye, Cheol, & Keechoo,
2013) (Namee & Witchayangkoon, 2011), (Sayer & Parry, 1994). To obtain the
desired speed reductions it is necessary to correctly space the devices, in fact at a
shorter distance lower speeds are expected; since, between a bump and another, it
would not be possible to reach high speeds (García, Torres, Romero, & Moreno, 2011)
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(Aya & Hisashi, 2011) (Siti & Hamsa, 2016) (Garcia, Torres, Romero & Moreno,
1987) (Brindle, 2005), (Canale & Leonardi, 2005).
Other problems related to the use of these devices may be due to noise (Khairum,
Hamsa, Mohdzin Bin & Mansor, 2016) produced by cars by surmounting them or by
the load on the pavement (Talaat & Hassan Hashim, 2017) or the vibrations produced
(Transport, 2005).
In the last twenty years, thanks to new technologies, the experiments have not only
been carried out in the field, but also through driving simulators (Compte & Jamson,
2000) (Kennedy, Gorell, Crinson, Wheeler & Elliot, 2005) (Pyne, Dougherty, Carsten
& Tight, 1995) (Alley, 2000) with which the effects of the devices on the driver's
choices using photomontages and driving simulators

6.1.2 Theoretical studies
Another approach used to evaluate speed reduction is the theoretical one. This
allowed the development of models with n degrees of freedom with the aim of
evaluating kinematic quantities such as displacements, accelerations (Al-Nassr, 1982)
(Bahram, Masoud & Mansour, 2007) or rotation of the vehicle (Hessling & Zhu, 2008)
and/or driver (Khorshid & Alfares, 2004).
Other more articulated models allow to evaluate the vibrations transmitted to the
ground (D’Apuzzo, 2007) (Toplak, Sever, Ivanič, Mohorić & Lubej, 2016) (Mhanna,
Sadek & Shahrour, 2011) and their relationship with the road profile (Oke, Salauz,
Adeyefaj, Akanbi & Oyawale, 2007) (Krylov, 1998).
Sometimes, to calibrate the theoretical models, the results of the field campaigns
were taken into consideration and then compared with those deriving from the
experimentation (Fwa & Liaw, 1992) (Hassen et al., 2017); this allowed to derive the
empirical speeds (Vlahogianni, 2006) (Barbosa, 1995), the characteristics of the hump
and the road (Pau M. , 2001) (Riviera, Bassani, & Dalmazzo, 2010); thus, knowing
only the dimensions of the devices, it is possible to predict the speeds, without going
through experimental observations (Philip & Weber, 1998) (Amirarsalan & Ali, 2014)
(Sahoo, 2009) (Moreno & García, 2013), in order to reduce deaths and serious injuries
(Babak, Zohn & Muennig, 2018).
Some evaluate with statistical formulations, after before-after studies, the changes
in volume (Persaud, Retting, Garder Per & Lord, 2006)), rather than the influence on
accident reduction (Yannis, Kondyli & Georgopoulou, 2014) (Damsere et al., 2019).
Other factors to consider are the damage to the flooring (Talaat & I., 2017) using
as input data the speeds and volumes of traffic, or the vibrations transmitted to
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buildings (Watts & Krylov, 2000) and the driver (Khorshid & Alfares, 2007) to define
the geometry of the device.
Further studies determine the distance between devices using mathematical models
(Tajudeen, Adebayo, & Sunday, 2004) (Basil, 2012) in order to predict the speed of
crossing over the bumps.
In environmental terms, formulations have been built to evaluate the impacts of the
devices both on vehicle dynamics in fuel consumption (Ribeiro, 2015) that in terms of
exhaust emissions (Elumala & Suresh, 2017) (Boulter, 2001)).

6.2 Vibrations’ effects on the human body
During motion in a vehicle, the body is subject to vibrations. Vibration is a
mechanical movement around a fixed point intended as a mechanical wave and, like
all waves, it transfers energy and not matter. Vibration needs a mechanical structure
to travel. Such a structure could be a vehicle, a tool or even a person, but if a
mechanical coupling is lost, the vibration will no longer propagate.
Waves can be divided into:
1. deterministic, when the future oscillations can be predicted from the knowledge of
the previous waves;
2. stochastic, commonly called random waves, can be characterized by some
statistical properties.
Deterministic waves can be divided into periodic and non-periodic; the former, in
turn, are divided into simple sinusoidal or multi-sinuosoidal waves, which have the
characteristic of being able to be represented analytically in a closed-form. The latter,
the non-periodic ones, on the other hand, can in turn be divided into transient waves
or shocks.
In most cases the waves to which the human body is exposed during work and
leisure are stationary and non-stationary random waves.
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Figure 6.1 Various types of waves

The most basic type of wave is mathematically defined by the formula:
a (t) = A sin (2f)

6.1

In which:
a (t) is the quantity represented as a function of time;
A represents the amplitude, the maximum value that this quantity can have over
time;
f represents the frequency (expressed in Hertz, that is 1/s), that is the number of
cycles that a periodically variable quantity completes in the unit of time; it could also
be said that it represents the number of times in which this quantity reaches a certain
value in the unit of time.
Amplitude is the representative quantity in a period, defined as the time interval
corresponding to the wavelength and is indicated with T. This wavelength is the spatial
distance between two crests. The period is also defined as the inverse of the frequency,
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which is the number of pulses in one second. This frequency can be expressed in
radians per second through the relationship in which the pulsation appears ():
 = 2f

6.2

The sine wave, in the most complete form, can be written as reported in the
following equation:
a (t) = A sin (t + ϕ)

6.3

In which ϕ is the initial phase, which is the fraction of the elapsed period with
respect to a fixed time and is measured through an angle, called the phase angle. This
phase angle is a function of the boundary conditions, such as displacement and initial
speed; this represents the fraction of the period elapsed with respect to a fixed time (in
our case the time in which t is equal to 0).
In reality, however, it is difficult to encounter a simple wave, so more complex
wave descriptions are required than the sine wave. Such complex waves can be
processed by superimposing multiple sine waves with different amplitudes,
frequencies and phases. This superposition principle consists in the fact that if the
single waves interact, the resulting vibration is equal to the sum of all the components,
that is, the sum of different waves will generate a complex wave. The usefulness of
this principle is that the superposition process can be reversed using mathematical
techniques so that a complex wave can be resolved into simple waves with different
amplitudes, frequencies and phases.
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Figure 6.2 principle of superposition (taken from the Handbook of human vibration by MJGriffin)

This principle is the basis of the Fourier transform; in which given as input a
complex signal the Fourier transform returns as output data a frequency response
spectrum, which has frequency as independent variable and amplitude as dependent
variable. It allows you to write a time-dependent function in the frequency domain, to
do this it decomposes the function into the basis of exponential functions with a scalar
product.
+∞

6.4

𝑥(𝑡)𝑒 −𝑗2𝜋𝑓𝑡 𝑑𝑡

𝑋(𝑓) = ∫
−∞

This Fourier transform can only be used for finite signals, in short, the signal must
be absolutely summable, therefore the following equation must hold:
𝑇
2

6.5

𝑙𝑖𝑚 𝑇→∞ ∫ 𝑥 (𝑡)𝑑𝑡 < ∞
−𝑇
2

Vibration can be described in three quantities: displacement, velocity and
acceleration. In the case of sine waves it is possible to pass analytically from one
quantity to another simply by deriving or integrating. In particular, it is possible to pass
from the displacement x(t) to the velocity v(t) by deriving the function x(t); deriving
further obtains the acceleration a(t). If, on the other hand, one wants to pass from the
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acceleration a (t) to the speed v (t) and to the displacement x (t) just integrate. Since
they are periodic functions, they can be integrated into closed form, so you can pass
from one function to another by simply dividing or multiplying by the constant , as
the formula of this wave is given by:
𝑥(𝑡) = 𝐴 𝑠𝑖𝑛(𝜔𝑡)

6.6

To have the first derivative it will be enough to multiply x (t) by the opposite of ,
to have the second derivative just multiply x (t) by 2.
In correspondence with the maximum displacement, the velocity equal to zero and
the minimum acceleration will be found; in correspondence of the maximum speed,
the displacement and zero acceleration will be obtained, instead in correspondence
with the maximum acceleration there will be the minimum displacement and zero
speed, as shown in the following graph in the Handbook of Human Vibration (Griffin
MJ, 1990).

Figure 6.3 comparison of displacement, speed and acceleration

The magnitude of the acceleration of a vibration can be expressed in terms of peak
to peak acceleration (acceleration calculated as the difference between the amplitude
of the positive peak and the amplitude of the lower peak) and in terms of peak
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acceleration (acceleration calculated by going to just takes a peak). The acceleration
measure used most often in engineering is the RMS (root mean square) value, which
is the square root of the standard deviation. This quantity can be calculated as the
square root of the mean of the squares of the acceleration values, that is, the square
root of the square mean. For a sinusoidal signal, the peak to peak acceleration is worth
twice the amplitude, while the peak amplitude is worth the amplitude, while the peak
amplitude is worth the amplitude, instead, the RMS value is worth the amplitude
divided by the square root of 2.

Figure 6.4 difference between peak acceleration, peak to peak and effective value (RMS).

The previous image shows the peak amplitude graphed with 1, the peak-to-peak
amplitude with 2, the RMS represented with 3, while 4 depicts the period.
In the cases in question, not having to do with simple sine waves, this RMS value
was determined through the PSD (power density spectrum), representing the vibration
in the frequency range. Once this vibration was represented, the PSD for each
frequency was calculated; this is obtained from the square of the ratio between the
relative acceleration value divided by the respective frequency, as reported in the
following formula; note the PSD, the RMS is nothing more than the area subtended by
that PSD.
𝑎𝑐𝑐𝑖 (𝑓𝑖 )
6.7
𝑃𝑆𝐷( 𝑓𝑖 ) =
𝑓𝑖
The acceleration measurement values described so far do not take into account the
duration, or rather the exposure time. With the same peak to peak value, peak
amplitude or RMS, it is easy to understand that the response of the human body varies
according to the exposure time in which our body is subject to this vibration. Another
measure comes into play, namely the vibration dose value in which these measures
will be correlated with the duration.
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The ISO 2631 standard suggests two formulas for evaluating this vibration dose
based on the crest factor, ie the ratio between peak acceleration and RMS acceleration.
This new quantity is useful because to evaluate the exposure to vibrations it is not only
the acceleration value that is important, but the duration in which the human body is
exposed to this vibration.
If this crest factor is greater than six, the VDV will be used, while if the crest factor
is less than three, the eVDV will be used, these values have dimensions of ms-1.75.
They are calculated with the following formulas:
𝑡=𝑇

𝑉𝐷𝑉 = [∫

𝑎

4 (𝑡)𝑑𝑡

1
4

6.8

]

𝑡=0
1

6.9

𝑒𝑉𝐷𝑉 = 1.4 𝑟. 𝑚. 𝑠. (𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛)4

The crest factor is less than three (Pahansen De Alwis, 2014), then the second
formula was used, in which the RMS must be weighted based on frequency as the body
responds differently to vibrations not only based on amplitude but also based on
frequency. This is the reason why the analysis of this vibration induced to the human
body will be conducted in the frequency domain rather than in that of time, also
because the human body reacts differently from the mechanical point of view.
The human body responds differently depending on the frequency of the vibrations.
This is why vibration is sometimes described in the frequency domain instead of the
time domain. To do this, the Fourier transform (FFT) is used. The FFT breaks down a
random signal into a series of simple sinusoidal signals; therefore a frequency response
spectrum is obtained in which there will be frequencies associated with the respective
amplitudes.
To assess the exposure of the human body to vibrations according to the direction
from which the vibrations originate, reference is made to ISO 2631 (for more
information, see Appendix B2).

6.3 Simulation models
Traffic calming devices cause a strong vertical acceleration in the transiting vehicle
due to the dynamic interaction between the vehicle and the irregularity. This
acceleration causes a strong disturbance in the driver who is thus forced to reduce
speed. It is evident that in order to operate an effective and continuous control of the
speed of the vehicles, it is necessary to establish in series a certain number of such
devices according to a specific spacing.
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Various car models were used to evaluate this vertical acceleration that occurs as a
result of the dynamic interaction between the vehicle and the irregularity of the road
profile and then evaluate the acceleration perceived by the driver:
 2-degree-of-freedom vehicle model (quarter-car)
 4-degree-of-freedom vehicle model (half-car)
 5-degree-of-freedom vehicle model (half-car plus driver insertion)
The substantial difference between the quarter-car and half-car model lies in the
portion of the car that is considered, in the first case only a quarter of a car is
considered, in the second case half the car is considered (for further information see
Appendix B.3).

6.3.1 Input data
From the three models presented above, acceleration as a function of time was
obtained. These signals must be transformed from the time domain to the frequency
domain. Known the accelerogram in the time domain, to carry out an analysis on the
effects it is necessary to evaluate the acceleration in the frequency domain, this means
making a change of variables through the use of the DFT (fast discrete Fourier
transform). To evaluate this frequency response it was first necessary to take only part
of the accelerogram as this algorithm only works if a vector of 2k elements is entered
as input data. In practice, the data must be a power of 2, so once the size of the
accelerogram is known, 2k points are taken so that 2k is less than the size of the
accelerogram; by truncating this signal it is possible to represent it in the frequency
range. The FFT returns the Fourier transform that is a vector in which the k-th element:
𝑐𝑗 =

2𝜋𝑗
1
∑ [𝑣𝑘 𝑒 −𝑖( 𝑛 )𝑘 ]
𝑛

6.10

𝑘

Where n is the number of elements of v and i is the imaginary unit, all this is scaled
by n, the number of data of the vector v.
Of particular importance is the sampling theorem formulated by Nyquist; according
to this theorem, a continuous-time signal x (t) with spectral content limited to Fb can
be reconstructed, starting from its sampled version, if the sampling frequency Fc (i.e.
the inverse of the sampling time step) is such that Fc > 2 Fb.
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Once the sampling time step is known, the sampling frequency can be known,
which allows the signal to be represented in the frequency domain up to a frequency
equal to half the sampling frequency.
From this FFT comes out as a result of the acceleration values and the
corresponding frequencies. The step with which the frequency domain df is discretized
is equal to the ratio between fs (sampling frequency) and the number of points of the
signal sampled in base 2k.
The kinematic quantity that represents the vibration is the acceleration of the signal
computed as RMS (Root mean square) which is calculated as the square root of the
area subtended by the PSD (function of the power density). The PSD is evaluated, for
each frequency, by dividing the relative acceleration squared by the respective
frequency. Once the PSD for all 2k was calculated, the frequency domain was
discretized by frequency bands and the band by third octaves was chosen; the
minimum frequency of the i-th band is equal to the maximum frequency of the i-th-1
band. The minimum frequency of the i-th band increases with respect to the previous
3

one by a factor equal to √2 ≅ 1.26, the higher frequency will therefore be equal to the
3

product between √2 and the lower frequency, instead, the center frequency will be
equal to √𝑓𝑖 𝑓𝑠 . The table below shows the discretization by bands, in which fc is the
central frequency, f1 the lower frequency, f2 the upper frequency and df the difference
between the upper and lower frequency:
Table 6.1 Discretization by bands

fc [Hz]
0.5
0.629961
0.793701
1
1.259921
1.587401
2
2.519842
3.174802
4
5.039684

f1 [Hz]
0.445449
0.561231
0.707107
0.890899
1.122462
1.414214
1.781797
2.244924
2.828427
3.563595
4.489848

f2 [Hz]
0.561231
0.707107
0.890899
1.122462
1.414214
1.781797
2.244924
2.828427
3.563595
4.489848
5.656854
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df [Hz]
0.115782
0.145876
0.183792
0.231563
0.291752
0.367584
0.463127
0.583503
0.735168
0.926253
1.167006

Chapter 6

PUNCTUAL COUNTERMEASURES

6.349604
8
10.07937
12.69921
16
20.15874
25.39842
32
40.31747
50.79683
64
80.63495

5.656854
7.12719
8.979696
11.31371
14.25438
17.95939
22.62742
28.50876
35.91879
45.25483
57.01752
71.83757

7.12719
8.979696
11.31371
14.25438
17.95939
22.62742
28.50876
35.91879
45.25483
57.01752
71.83757
90.50967

1.470335
1.852507
2.334012
2.940671
3.705013
4.668024
5.881342
7.410027
9.336048
11.76268
14.82005
18.6721

Since the following study is based on a frequency range between 0.5 Hz and 80 Hz,
23 bands have been identified. Then the PSD was evaluated in a frequency range
ranging from 0.445449 Hz and 90.50967 Hz and subsequently, the average of the PSDs
falling in each band was evaluated.
The PSD before and after discretization by one-third octave bands has been
graphically reported below; it can be seen that after this discretization there is a
smoothed effect of the PSD, to make a better visualization of this effect a logarithmic
scale has been chosen for the ordinates.

Figure 6.5 Difference between PSD as a function of time and its representation in one-third octave band
frequencies

In this way, a spectral representation of the accelerations in bands of one third of
an octave was obtained. The RMS was calculated as the square root of the area
subtended by the PSD for each band, or the square root of the product of the average
PSD was evaluated for the difference between the maximum and minimum frequency
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of each band. Once the RMS has been obtained, it is appropriate to make some
considerations on the response of the human body based on the frequencies. With the
same amplitude the human body has a different perception based on the frequency with
this logic it is necessary to weigh the RMS according to its own frequency. It is
appropriate to put a reduction factor for the frequencies that are at the extremes of our
domain of interest, therefore the ISO2631 standard (International Organization for
Standardisation, 1986) suggests the use of multiplying factors for each frequency and
for each x, y, z axis. In the case under analysis, being interested in acceleration along
the z axis, the weighting values Wk were taken into consideration.
fc [Hz]
0.5
0.629961
0.793701
1
1.259921
1.587401
2
2.519842
3.174802
4
5.039684
6.349604
8
10.07937
12.69921
16
20.15874
25.39842
32
40.31747
50.79683
64
80.63495

Wk
0.418
0.459
0.477
0.482
0.484
0.494
0.531
0.631
0.804
0.967
1,039
1,054
1,036
0.988
0.902
0.768
0.636
0.513
0.405
0.314
0.246
0.186
0.132

To evaluate a single indicative value of the discomfort level, the effective weighted
acceleration was calculated with the following equation:
6.11

23

𝑎 = √∑(𝑊𝑘𝑖 𝑅𝑀𝑆𝑖 )2
𝑖
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Once these models were developed, the crossing of four different types of vehicles,
representative of the entire vehicle fleet, was simulated on some traffic calming
altimetric devices.
The four macro-categories of vehicles can be summarized in:
-

small cars represented with the

- medium-sized cars called category C

designation A;

- sedans represented with the
designation D;

cars;

- off-road vehicles falling into category
E.

Road profiles were then selected, with a spatial pitch of 0.02 cm in order to have a
sufficiently high sampling frequency to be able to represent the relative acceleration
at frequencies above the analysis range (between 0.5 Hz and 80 Hz). Particular
attention must be paid to choosing the length of the profile. Once the spatial step of
integration has been defined, the number of points must be arbitrarily defined; this
should not be too small, because the signal is truncated when the phenomenon has not
yet been exhausted, nor too high, otherwise the RMS would be underestimated. A fair
compromise must be found between these two limit situations, in the case in the
analysis a number of data equal to 1500 was considered, therefore road profiles with a
length of 30 m were constructed. In the evaluation of the FFT, not all points are taken
into consideration, remembering the rule of construction of the signal based on 2k,
therefore only 1024 points will be considered, corresponding to a length of 20.48 m.
In summary, with this choice, the signal runs out or is close to exhaustion after 20.48
m.
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The profiles initially implemented are parabolic, for the representation of these the
literature gives the dimensions for points with a step of 0.3048 m (1 foot), but since
the step of the following study is equal to 0.02 m, it was preferred to evaluate this
profile in closed form. With the help of the Maple18 calculation program, the formula
for the parabolic profiles was obtained and then solved a system of 3 second degree
equations, imposing the passage of this parabola by three points (at the starting point
of the bump, in the middle and in the final point).

As you can see, to calculate the profile of the parabola it will be enough to know
the height and length of the hump, as from them it is possible to obtain the coefficients
A, B, C:
4ℎ
4ℎ
𝐶=0
𝐵=
2
𝐿
𝐿
Then you can trace the profile of the bump as a function of the progressive with the
𝐴=−

equation:
ℎ = 𝑎𝑥 2 + 𝑏𝑥 + 𝑐

6.12
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On the other hand, as regards the trapezoidal profiles (speed tables), they too have
been determined through analytical functions, as the slopes of the ramps have been
calculated as a ratio between the height of the device and the length of the ramp.
Then the profile in the first ascending section was calculated with the equation:
ℎ = 𝑎𝑥

6.13

In the central section the height is constant, while in the descending section the
formula is used:
ℎ = ℎ𝑀𝐴𝑋 − 𝑎𝑥

6.14

The profiles have been inserted starting from the 200th point, i.e. 4 m from the
beginning of the progressive, since the half-car model proposed has a finite length
wheelbase, therefore a portion of the initial profile having a constant height and equal
to 0, the minimum length is that of the centre distance. The 200 points have been
entered, so that any vehicle with a 4m wheelbase can be used in modelling. To improve
the representation of the phenomenon, however, the starting point was taken as the one
in which the front wheel begins to overcome the bump, therefore the n superfluous
points calculated as the difference between 4 m and the length of the wheelbase have
been eliminated. All this allows you to have a more precise signal because you are
going to eliminate null values that would lead to underestimating the final result.
The following are the characteristics of the vehicles used in the modelling.
Vehicle
Elastic stiffness of the front suspension (N/m)
Elastic stiffness of the rear suspension (N/m)
Linear coefficient of kinematic viscosity of
the front suspension (N s/m)
Linear coefficient of kinematic viscosity of
the rear suspension (N s/m)
Suspended mass (kg)
Front unsprung mass (kg)
Rear unsprung mass (kg)
Elastic stiffness of the front tire (N/m)
Elastic stiffness of the rear tire (N/m)
Moment of inertia
Wheelbase length (m)
Total length (m)
Tire imprint length (m)
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A
12400
10600

C
12800
13800

D
12950
14720

E
13400
17000

1550

1600

1618

1675

1325

1725

1840

2125

893
80
72
165000
150000
1018.76
2.35
3.70
0.12

963
92
120
170000
150000
1284
2.47
4.0
0.14

1220
105
110
180000
170000
2313.21
2.69
4.77
0.16

1700
115
130
200000
200000
3264
2.85
4.80
0.2
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Length of the distance between the center of
gravity of the car and the driver (m)

1

1.2

1.3

1.6

These quantities were taken from the technical data sheets (Dixon, 1986), but it
should be noted that the masses must be halved because this study is conducted on a
Half-car model while the reported masses relate to the entire vehicle; instead the elastic
stiffnesses and the linear viscosity coefficients reported are relative to the single wheel
and therefore must be taken as they are written. Clearly, the wheelbase lengths, total
length and the distance of the driver from the centre of gravity will also be taken whole.

6.3.2 Model validation with irregular profile
To validate the method and make assessments on the possibility of applying this
method also in other fields, another completely different scenario has been proposed.
The dynamic response of the vehicle was studied on a generic uneven road profile.
A portion of the profile of equal length with respect to the one in which the bump
was inserted was therefore studied; however, rather than having a singularity, such as
a hump, it has an irregular but homogeneous profile:

Figure 6.6 Road profile with a bump 12 feet long and 3 inches high
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Figure 6.7 Irregular profile

Both the R.M.S. that the eVDV vibration dose for the four types of vehicle at
different speeds in a range between 20 km / h and 60 km / h, presumed speeds with
which this profile could be traveled.
From an operational point of view, the same Mathcad worksheet was used, inserting
the profile with a spatial pitch of 0.02 m (therefore the analyzes were conducted in the
same conditions with which the analyzes on the bumps were conducted).
Below is a summary table of the results in terms of RMS and eVDV.
Speed

A

B

D

E

RMS

eVDV

RMS

eVDV

RMS

eVDV

RMS

eVDV

20

0.084571

0.160158

0.095888

0.18332

0.083032

0.015992

0.077435

0.146327

30

0.109479

0.019077

0.122485

0.212682

0.098955

0.172562

0.087931

0.0150548

40

0.119479

0.196696

0.134377

0.221

0.10417

0.086094

0.086094

0.136246

50

0.129031

0.198623

0.144369

0.0223481

0.112445

0.090744

0.90744

0.134943

60

0.138003

0.203517

0.154274

0.225432

0.122934

0.097919

0.097919

0.13225

From a graphic point of view instead:

Figure 6.8 RMS as a function of speed for
different vehicles

Figure 6.9 Speed-dependent eVDV for different
vehicles
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Interpreting these graphs it can be seen that the RMS acceleration increases as the
travel speed of the profile increases, while the eVDV remains almost constant, this is
because the eVDV is given by the following equation:
𝑒𝑉𝐷𝑉 = 1.4 𝑎𝑅𝑀𝑆 𝑑 0.25

6.15

Therefore, as the speed increases, the RMS acceleration increases while the
duration in which the vehicle is exposed to these stresses decreases.
There is also a translation between the responses of the various vehicles; in
particular, if the vehicles were classified according to the acceleration they undergo, it
is observed that the vehicle that is subject to the greatest vibration is vehicle A, then
vehicle C, vehicle D and lastly vehicle E.
The percentage reduction in vibration with respect to vehicle A is shown below,
highlighting that this reduction increases with increasing speed, as they are designed
to have the best possible comfort at high travel speeds.
Table 6.2 Percentage reduction of vibration compared to vehicle A

Speed
20
30
40
50
60

RMS
86.59283
80.78981
77.52036
77.88711
79.68558

Reduction %
eVDV
RMS
87.23553 80.75621
81.13581 71.7891
75.12159 64.06916
76.71669 62.85591
78.32152 63.47047

eVDV
79.82049
70.78533
61.64948
60.38233
59.9849

These results are very useful in verifying the validity of the model applied. In fact,
the E-type vehicles are designed to travel on roads with very irregular profiles, so a
lower response in terms of acceleration is expected than the classic small cars. In the
same way, the vehicles falling into the D segment are designed for longer journeys and
with higher speeds than the small cars, so in this design the driver's comfort has a
significant thickness. The results of this model show that segment E vehicles undergo
less acceleration than type A vehicles, thus increasing comfort.
Ultimately it can be said that the results deriving from these analyzes are comforting
in evaluating the goodness of the model that can also be applied in other fields. One
can imagine being able to use it in the future to evaluate the discomfort on bumpy
roads.
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6.3.3 Case study
So far it has been explained how to obtain the weighted acceleration (RMS) known
the characteristics of the vehicle, the geometry of the bump and the speed with which
the vehicle passes through it. The initial objective of this work is to evaluate for a given
bump and for a given vehicle, a relationship that links acceleration to speed. You can
intuitively imagine that acceleration increases with increasing speed and height of the
bump as well as decreasing vehicle characteristics. An analysis was carried out below
to evaluate how the input parameters can vary the acceleration understood as a
disturbance index.
In this study, the entire vehicle fleet of cars for private use (described above) was
represented. 5 types of bumps have been implemented in the model, 4 of which are
parabolic and 1 trapezoidal. The geometric characteristics of each bump are shown
below:
1. Parabolic speed hump (length
12 feet (3.65 m); height 2.5
inches (0.0635 m));

Figure 6.10 Speed hump (12 feet; 2.5 inch)

2. Parabolic speed hump (length
12 feet (3.65 m); height 3 inch
(0.0762 m));

Figure 6.11 Speed hump (12 feet; 3 inch)

3. Parabolic speed hump (length
22 feet (6.70 m); height 3 inch
(0.0762 m));

Figure 6.12 Speed hump (22 feet, 3 inch)
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4. Parabolic speed hump (length
22 feet (6.70 m); height 3.5
inches (0.0889m));

Figure 6.13 Speed hump (22 feet; 3.5 inch)

5. Trapezoidal speed hump
(length 22 feet (6.70 m);
height 3 inch (0.0762 m));

Figure 6.14 Speed table (22 feet, 3 inch)

The analyzes were conducted in a speed range between 0 km/h and 40 km/h, with
a speed step of 5 km/h for each vehicle on each bump.
Thus the acceleration diagrams were obtained, in terms of RMS or the eVDV, as a
function of speed. In total, 20 diagrams (V-RMS) and 20 diagrams (V-eVDV) were
obtained.
The results for each vehicle on each type of bump are shown below in both
numerical and graphical form:
Vehicle A
Table 6.3Correlation between speed and accelerations (RMS and eVDV) on the vehicle A
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Figure 6.15Graphic representation of the correlation between speed and accelerations (RMS and
eVDV) on vehicle A

Vehicle C
Table 6.4Correlation between speed and accelerations (RMS and eVDV) on the vehicle C

Figure 6.16 Graphic representation of the correlation between speed and accelerations (RMS and
eVDV) on vehicle C

Vehicle D
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Table 6.5Correlation between speed and accelerations (RMS and eVDV) on the vehicle D

Figure 6.17Graphic representation of the correlation between speed and accelerations (RMS and
eVDV) on vehicle D

Vehicle E
Table 6.6Correlation between speed and accelerations (RMS and eVDV) on the vehicle E

Figure 6.18Graphic representation of the correlation between speed and accelerations (RMS and
eVDV) on vehicle E
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From the graphs, it is possible to deduce how the response in terms of RMS and
eVDV varies with the variation of the geometric characteristics of the device (height
and length).
It should be noted that at the same speed, the device that causes greater acceleration,
for all vehicles, both in terms of RMS and in terms of eVDV, is the fourth device
(length equal to 6. 70 m and height 8.89 cm).
The height plays an important role in fact if attention is paid to the comparison
between devices of equal length and it is observed that at the same speed, the device
with a greater height causes greater acceleration. This result can be seen in all types of
vehicles. In particular, it was found that for the same length, an increase of 1/2 inch
(0.0127 m) shows an increase in acceleration of about 20% of the acceleration on the
first bump. By way of example, the increase in percentage terms caused by crossing
the bump of a single-vehicle at a single speed is shown below (but this is valid for all
speeds and for all vehicles):

The accelerations, caused by the same bump, on the different vehicles were then
compared. Then the diagrams (V-RMS) and (V- eVDV) will be shown in which the
two values evaluated for each car on a given bump will be compared.

Figure 6.19Correlation between speed and accelerations (RMS and eVDV) of the different vehicles on
the speed hump
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Figure 6.20Correlation between speed and accelerations (RMS and eVDV) of the different vehicles on
the speed hump

Figure 6.21 Correlation between speed and accelerations (RMS and eVDV) of the different vehicles
on the speed hump

Figure 6.22 Correlation between speed and accelerations (RMS and eVDV) of the different vehicles
on the speed hump
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Figure 6.23 Correlation between speed and accelerations (RMS and eVDV) of the different vehicles
on the speed table

It can be deduced from these comparisons that the disturbance (intended both as
vertical acceleration RMS and as vibration dose eVDV) is very similar for all speeds
up to 25 km / h, after this value it can be seen that the vehicles of segment E and
segment D suffer less stress than vehicles in segment A and segment C.
In the literature, there are several works that evaluate the speeds according to the
category of vehicle that crosses them, but some estimate that the speeds of crossing
the bumps remain unchanged regardless of the type of vehicle (Latoya & Nedzesky,
2003) (Namee & Witchayangkoon, 2011).
Comparing the results obtained with those from the literature, it is confirmed that
at certain speeds, under a certain threshold, the induced accelerations do not vary with
the type of vehicle; in fact on a bump the crossing speeds of each vehicle category are
the same.
Once the relationships between speed-RMS and speed-eVDV have been identified,
an attempt has been made to determine an RMS acceleration threshold or eVDV
vibration dose beyond which the driver experiences discomfort and tends to be below
this threshold. The goal was to evaluate this threshold and, known the geometry of the
device, identify the corresponding crossing speed.
To do this, it was necessary to identify from the literature the speed distributions,
as well as the average speed, of crossing the bump.
Among the many studies consulted, reference was made to those of Smith (2002)
in which two temporary devices (speed hump and speed table) were considered on
which average speed and a V85 were obtained (taken a speed sample, 85% of the
population travels a given space with a speed lower than this value of V85). To
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represent the probability function, that is the function that assigns a probability of the
event to each value of the independent variable (in the case in question, the velocity),
was used a normal continuous probability distribution, commonly called Gaussian.
𝑓(𝑥) =

1
√2𝜋𝜎

1 𝑥−𝜇 2
)
𝜎

6.16

𝑒 −2(

To identify this distribution it is necessary to enter two characteristic values (mean
 and standard deviation ). The data that you have only the average speed () and
V85, so the mean is known while the standard deviation remains to be calculated.
To calculate this value was used the distribution function of the standardized
continuous random variable. This has the particularity of having zero mean and unit
standard deviation. A standardization must be performed, which consists in identifying
a quantity Z given by the equation:
𝑥−𝜇
𝑍=
𝜎

6.17

in which  is the average, while  is the standard deviation. To each value of Z will
be associated therefore a value will be associated with a probability value of not
exceeding, clearly for Z zero, it means that x is equal to the average therefore the
probability of exceeding a is equal to 0.5; while for Z which tends to infinity, that is,
when one moves away from the mean Z, the probability of non-exceedance approaches
asymptotically to 1 since this threshold is almost certain not to be exceeded. There are
tables that associate the probability of not exceeding to each value of Z. Then the data
in possession is a V85, so it will be necessary to enter these tables with the value of
0.85 of the probability of not exceeding and take the relative value of Z, in the case in
question it will be equal to 1.05.
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Known Z, the standard deviation () will be given by the inverse formula:
𝑥−𝜇
6.18
𝜎=
𝑍
Where x will be the value of V85 while  is the average value of the speed (V50).
Daniel J. Smith (2002) reports for three sites the V50 and V85 for the two temporary
devices inserted and the standard deviation calculated as previously described.
As a first step, the acceleration (RMS) and the vibration dose (eVDV) as a function
of speed was calculated, building the V-RMS and V-eVDV diagrams for each vehicle
on the two bumps.

Figure 6.24 The V-RMS and V-eVDV diagrams for each vehicle on the speed table

Figure 6.25 The V-RMS and V-eVDV diagrams for each vehicle on the speed hump

These graphs are the result of analyzes conducted in a speed range between 0 km/h
and 60 km/h with a pace of 5 km/h.
The V-RMS and V-eVDV curves were then represented from an analytical point of
view so as to be able to derive the acceleration as a function of speed for any speed
and not only for certain speeds. Paying attention to these curves, it has been noted that
they tend to have a horizontal asymptote for speed tending to 0 and a horizontal
asymptote for speeds tending to 60 km/h. The aim is to identify a family of curves that
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best approximates the experimental data. With the above considerations, the curve that
best approximates these data is a logistic-sigmoidal function, an example is shown
below:

Figure 6.26 The curve that approximates the V-RMS and V-eVDV bonds is a logistic-sigmoidal

The analytical formula of this function, which has exactly this S-shape with two
horizontal asymptotes, is shown below:
𝑎
𝑓(𝑥) =
(1 + 𝑏𝑒 −𝑐𝑥 )

6.19

Executing the limits for the independent variable that tends to zero will result in the
denominator tending to infinity, since the numerator is a finite number, so f (x) tends
to 0. The limit for the independent variable tending to infinity instead will be precisely
at , as the denominator tends to 1. Having found the qualitative form that best
approximates our data series, it remains to find the coefficients a, b and c.
These values were calculated with a software in which the experimental values of
the x and y were entered, as in the example proposed below:

The software calculates the a, b, c values that best approximate this data series. In
the “result” window you can see these results. Furthermore, to evaluate the goodness

270

Chapter 6

PUNCTUAL COUNTERMEASURES

of this approximation, the determination coefficient R2 is estimated or it is possible to
see the graphical representation as well as the residual waste.

Figure 6.27 Figure 6.28 The approximation curve of V-RMS and V-eVDV

Then these triples of values were obtained for each bump for each vehicle, in total
8 triples were obtained for the 8 V-RMS curves and 8 triples for the 8 V-Evdv curves.
The values for the V-RMS curves for the different vehicles are shown below
SPEED TABLE
Table 6.7 Coefficients of the logistic function on the different vehicles passing through the speed table

a
b
c

A
0.871387
43.0433
0.106973

C
D
0.949209 0.832933
35.13953 26.28365
0.09
0.09

E
0.69
18.51
0.08

SPEED HUMP
Table 6.8 Coefficients of the logistic function on the different vehicles passing through the speed hump

a
b
c

A
C
0.584591 0.631796
30.67273 24.13194
0.121221 0.112627

D
0.52313
17.16027
0.108795

E
0.40555
11.65780
0.11555

The values for the V-Evdv curves are shown below:
SPEED TABLE
Table 6.9 Coefficients of the logistic function on the different vehicles passing through the speed table

a
b
c

A
1.317267
44.55743
0.115781

C
1.426886
32.8945
1.04E-01

D
1.251
23.72679
9.75E-02

E
1.01
16.05
0.09

SPEED HUMP
Table 6.10 Coefficients of the logistic function on the different vehicles passing through the speed
hump

a
b

A
0.895652
32.83901

C
0.962834
24.28596
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c

0.1312

0.120802

0.118449

0.13898

Given these values, it is now possible to calculate both the RMS and the eVDV for
each vehicle on each bump. The accelerations and vibration doses were calculated
precisely in correspondence with the values of V50 and V85 as determined by Daniel
J. Smith (2002) in his work.
It is expected to find similar values of accelerations as the speed with which the
crossing of a bump is approached. The goal is to identify an acceleration value beyond
which the driver perceives discomfort.
The RMS and e-VDV values for each type of vehicle are shown below:
Table 6.11RMS and eVDV as a function of V50 and V85 generated by vehicle A when crossing speed
hump and speed table
Roonsvelt nord

Vehicle A
Roonsvelt sud

Redwood

Vehicle A
SPEED HUMP
SPEED
SPEED
SPEED TABLE
Roonsvelt
nord TABLE SPEED HUMP
Roonsvelt
sud TABLE SPEED HUMP
Redwood
V50 (Km/h)
32.34
30.25
31.05
31.70
28.48
28.16
Vehicle
A
RMS
0.3634
0.3236
0.3416
0.3557
0.2965
0.2795
SPEED HUMP SPEED TABLE SPEED HUMP SPEED TABLE SPEED HUMP SPEED TABLE
Roonsvelt nord
Roonsvelt sud
e-VDV
0.6086
0.5624
0.5746
0.6170
0.5024
V50
(Km/h)
32.34
30.25
31.05
31.70
28.48 Redwood 0.4861
28.16
V85
(Km/h)
41.35
39.10
37.17
37.48
36.84
32.66
RMS
0.3634
0.3236
0.3416
0.3557
0.2965
0.2795
SPEED
HUMP SPEED
TABLE SPEED
HUMP SPEED
TABLE SPEED
HUMP SPEED
TABLE
RMS
0.4855
0.5259
0.4366
0.4892
0.4322
0.3776
e-VDV
0.6086
0.5624
0.5746
0.6170
0.5024
0.4861
V50
(Km/h)
32.34
30.25
31.05
31.70
28.48
28.16
e-VDV
0.7825
0.8889
0.7163
0.8331
0.7101
0.6535
V85 (Km/h)
41.35
39.10
37.17
37.48
36.84
32.66
RMS
0.3634
0.3236
0.3416
0.3557
0.2965
0.2795
RMS
0.4855
0.5259
0.4366
0.4892
0.4322
0.3776
Table
6.12RMS and
eVDV as a function
of V50 0.5746
and V85 generated by vehicle0.5024
C when crossing
speed
e-VDV
0.6086
0.5624
0.4861
e-VDV
0.7825
0.8889
0.7163 Vehicle C0.6170
0.8331
0.7101
0.6535
speed
tablesud
V85 (Km/h)
41.35
39.10 hump and
37.17
37.48
36.84 Redwood 32.66
Roonsvelt nord
Roonsvelt
RMS
0.4855
0.5259
0.4366
0.4322
0.3776
SPEED
HUMP SPEED
TABLE SPEED
HUMP
SPEED
TABLE SPEED
HUMP SPEED
TABLE
Vehicle
C0.4892
e-VDV
0.7825
0.8889
0.7163
0.8331
0.7101
0.6535
V50 (Km/h)
32.34
30.25
31.05
31.70
28.48
28.16
Roonsvelt nord
Roonsvelt sud
Redwood

RMS
0.3871
0.3368
0.3650
0.3682
0.3197
0.2937
SPEED
HUMP SPEED
TABLE SPEED
HUMP SPEED
TABLE SPEED
HUMP SPEED
TABLE
Vehicle
C
e-VDV
0.6469
0.5863
0.6130
0.6388
0.5414
0.5132
V50 (Km/h)
32.34
30.25
31.05
31.70
28.48
28.16
Roonsvelt nord
Roonsvelt sud
V85 (Km/h)
41.35
39.10
37.17
37.48
36.84 Redwood 0.2937
32.66
RMS
0.3871
0.3368
0.3650
0.3682
0.3197
SPEED
HUMP
SPEED
TABLE
SPEED
HUMP
SPEED
TABLE
SPEED
HUMP
SPEED
TABLE
RMS
0.5140
0.5379
0.4622
0.5006
0.4576
0.3896
e-VDV
0.6469
0.5863
0.6130
0.6388
0.5414
0.5132
V50
(Km/h)
32.34
30.25
31.05
31.70
28.48
28.16
e-VDV
0.8268
0.9070
0.7566
0.8503
0.7501
0.6740
V85 (Km/h)
41.35
39.10
37.17
37.48
36.84
32.66
RMS
0.3871
0.3368
0.3650
0.3682
0.3197
0.2937
RMS
0.5140
0.5379
0.4622
0.5006
0.4576
0.3896
e-VDV
0.6469
0.5863
0.6130
0.5414
0.5132
e-VDV
0.8268
0.9070
0.7566 Vehicle D0.6388
0.8503
0.7501
0.6740
V85 (Km/h)
41.35
39.10
37.17
37.48
36.84 Redwood 32.66
Roonsvelt nord
Roonsvelt sud
RMS
0.5379
0.4622
0.4576
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Figure 6.29RMS on traffic calming according to V50 and V85

Figure 6.30 Evdv on traffic calming according to V50 and V85

As can be seen from these results, both in numerical and graphical form, the RMS
and Evdv values do not vary much depending on the site, the bump and the speed with
which they are crossed. The differences, albeit minimal, are due to external site factors.
Analyzing the results, it turns out that drivers undergo acceleration in terms of RMS
in a range between 0.30 m/s2 and 0.35 m/s2. If, on the other hand, the results referring
to V85 are analyzed, the values are in a range between 0.40 m/s2 and 0.45 m/s2.If you
pay attention to the diagrams where the vibration doses are reported
(VDV) the values referring to the V50 are around 0.6 ms-1.75 and the values related
to the V85 are around 0.8 ms-1.75.
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The set objective has been reached, that is to find a characteristic value of RMS and
generalized e-VDV that does not vary as the device changes.
It was subsequently thought to evaluate a distribution of the RMS and e-VDV
starting from the distribution of the velocities and from the analytical link that exists
between the velocities and accelerations. A transformation of the random variables
was required to calculate the probability distribution of the accelerations.
Given a continuous random variable (X) with f (x) continuous, in the present case
f (x) is the probability distribution function of the velocities, both g (x) continuous and
differentiable, in the present case g (x) is the RMS (V) or e-VDV (V) function, defined
as the inverse function of g (x) as follows:
𝑥 = 𝜑(𝑦) = 𝑔−1 (𝑦)

6.20

Then the new distribution function f (y) where y is the new independent variable
(RMS or e-VDV) will be given by the following formula:
𝑓𝑌(𝑦) =

𝑓𝑋 (𝑔−1 (𝑦))
𝑑𝑔 −1
(𝑔 (𝑦))
𝑑𝑥

6.21

So first the inverse function of g (x) or g-1 (y) was computed.
With some mathematical passages:
𝑎
(1 + 𝑏𝑒 −𝑐𝑉 )
𝑎
1 + 𝑏𝑒 −𝑐𝑉 =
𝑅𝑀𝑆
𝑎
𝑏𝑒 −𝑐𝑉 =
−1
𝑅𝑀𝑆
𝑎
1
𝑒 −𝑐𝑉 = (
− 1)
𝑅𝑀𝑆
𝑏

𝑅𝑀𝑆(𝑉) =

𝑎
1
− 1) )
𝑅𝑀𝑆
𝑏

−𝑐𝑉 = ln ((
𝑉=−

1
𝑎
1
ln ((
− 1) )
𝑐
𝑅𝑀𝑆
𝑏

the inverse function has been obtained, it is therefore possible to obtain the speed
as a function of the RMS or similarly the speed as a function of the e-VDV.
Then the derivative of g (x) with respect to x was calculated:
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𝑑(𝑅𝑀𝑆) −𝑎(−𝑐𝑏𝑒 −𝑐𝑉 )
=
(1 + 𝑏𝑒 −𝑐𝑉 )2
𝑑(𝑉)

6.22

Subsequently, the expression as a function of RMS was substituted for the V:
−𝑎 (−𝑐𝑏𝑒
𝑑(𝑅𝑀𝑆)
=
𝑑(𝑉)
(1 + 𝑏𝑒

1
𝑎
1
−𝑐(− ln((
−1) ))
𝑐
𝑅𝑀𝑆
𝑏

1
𝑎
1
−𝑐(− ln((
−1) ))
𝑐
𝑅𝑀𝑆
𝑏

6.23
)
2

)

Ultimately then it will be that:

𝑓(𝑥) =
𝑓𝑌(𝑅𝑀𝑆) =

1
𝑒
√2𝜋𝜎

−𝑎 (−𝑐𝑏𝑒

(1 + 𝑏𝑒

2

1
𝑎
1
− ln((
−1) )−𝜇
𝑐
𝑅𝑀𝑆
𝑏
1
−
2
𝜎
(
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)

1
𝑎
1
−𝑐(− ln((
−1) ))
𝑐
𝑅𝑀𝑆
𝑏

1
𝑎
1
−𝑐(− ln((
−1) ))
𝑐
𝑅𝑀𝑆
𝑏

)
2

)

Therefore, to know the RMS distribution it will be necessary to know the data of
the speeds V50 and V85, and the coefficients a, b and c of the sigmoidal function that
approximates the V-RMS curve. Analogous speech for the eVDV in which the formula
for calculating the probability distribution will be given by:

𝑓(𝑥) =
𝑓𝑌(𝑒𝑉𝐷𝑉) =

1
𝑒
√2𝜋𝜎

−𝑎 (−𝑐𝑏𝑒

(1 + 𝑏𝑒

2

1
𝑎
1
− ln((
−1) )−𝜇
𝑐
𝑒𝑉𝐷𝑉
𝑏
1
−
2
𝜎
(

6.25

)

1
𝑎
1
−𝑐(− ln((
−1) ))
𝑐
𝑒𝑉𝐷𝑉
𝑏

1
𝑎
1
−𝑐(− ln((
−1) ))
𝑐
𝐸𝑣𝑑𝑣
𝑏

)

2

)

As an example, the comparison between the speed probability distribution and the
RMS probability distribution for a case is shown. As previously mentioned, to carry
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out this transformation it is necessary to have the V50 and V85 and the values of the
sigmoid coefficients a, b and c.

Figure 6.31 Speed probability distribution and the RMS probability distribution

From the first graph, having a symmetrical shape due to an intrinsic characteristic
of the Gaussian, it can be seen that the points around the average (30.25 km/h) are
arranged symmetrically with respect to it. Once this transformation has taken place, it
is clear that the curve will no longer be symmetrical, in fact, the probability distribution
function of the velocity has been divided by the derivative of the sigmoid which has a
shape that is anything but constant. To obtain a RMS probability distribution function,
one should choose a linear function rather than the sigmoid one, in order to obtain a
constant derivative for each velocity value.
Below are the comparative curves on the two devices, only one curve was calculated
for each bump, assuming that each vehicle affects vehicular traffic in the same way,
i.e. each vehicle category represents 25% of the entire vehicular flow. In this way, it
was possible to switch from four different curves on a given device to a single curve.
ROOSEVELT NORTH
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ROOSEVELT SOUTH

REDWOOD

The data analyzed so far refer to a job in which the devices were temporarily
inserted. Now to see the difference with permanently inserted devices and evaluate
what the difference is in the behaviour of the drivers.
In this case, data relating to the work conducted by Reid Edwing were taken (2001).
In this, the author aims to identify the average speeds and standard deviations in
different types of devices present in the United States. The data that were taken refer
to two types of devices: two speed humps with a length of 12 feet and 14 feet and a
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height of 3 inches. With the same methodology used for temporary devices, the VRMS and V-Evdv curves were obtained and then the RMS (V) and Evdv (V) functions,
also in this case the function that best approximates these series of points is sigmoid.
Once these curves were known, the RMS and Evdv values were obtained in
correspondence with the V50 and V85 and then moving on to a representation of the
probability distribution of the RMS and Evdv.
The data in possession are the V50 and the standard deviations from which the V85
were obtained, as shown in the table:

Speed hump 12 feet
Speed hump 14 feet

V50 (km/h)
25.95
25.25

 (km/h)
5.63
3.37

V85 (km/h)
31.86
28.80

The logistic coefficients a, b and c were then calculated for each vehicle on each
single bump:

Below are the RMS and Evdv values for each type of vehicle on each single bump
in correspondence with the speed at which they are crossed:
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Vehicle A

Vehicle C

Speed hump 12 feet Speed hump 14 feet Speed hump 12 feet Speed hump 14 feet
V50 (Km/h)
RMS
e-VDV
V85 (Km/h)
RMS
e-VDV

25.95
0.2635
0.4387
31.86
0.3639
0.6001

25.25
0.2460
0.4128
28.8
0.3183
0.5397

25.95
0.2893
0.4830
31.86
0.3882
0.6390

Vehicle D

25.25
0.2561
0.4299
28.8
0.3282
0.5467
Vehicle E

Speed hump 12 feet Speed hump 14 feet Speed hump 12 feet Speed hump 14 feet
V50 (Km/h)
RMS
e-VDV
V85 (Km/h)
RMS
e-VDV

25.95
0.2779
0.4682
31.86
0.3469
0.5761

25.25
0.2372
0.4043
28.8
0.2954
0.4991

25.95
0.2763
0.4788
31.86
0.3066
0.5175

V50

V85
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25.25
0.2356
0.4078
28.8
0.2752
0.4699
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Figure 6.32 RMS and Evdv on speed hump (12-14 feet) according to V50 and V85

The probability distribution was then represented for both the RMS acceleration
and the vibration dose Evdv.

Figure 6.33 The probability distribution of RMS and eVDV

As you can see, the RMS and Evdv values are lower than in the case of temporary
devices, this is due to the fact that the driver changes his behaviour after several
passages by choosing a lower crossing speed that gives him comfort. It can be said that
the effect of these devices is not noticed immediately after installation since the driver
can learn to vary his speed according to the desired comfort.
In fact, the temporary devices are crossed with speeds even higher than 30 km/h
while the permanent devices are crossed at a lower speed, about 25 km/h; in fact by
reducing the vertical acceleration going from values of about 0.35 m/s2 to values of
0.25 km/h.
The results derived from the approximation of the V-RMS and V-EVDV curves to
logistics do not give satisfactory results when one passes to the representation in terms
of probability function of the quantities to be represented. To represent the V-RMS
and V-EVDV curves, the same procedure was used to identify the RMS and EVDV,
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using a linear function rather than a logistic function. This is because it has been
observed that these curves (V-RMS and V-EVDV) follow a mostly linear trend in the
velocity range of interest.
Below are the acceleration and vibration dose values measured at V50 and V85 for
all types of vehicle on the two types of bump:
A
RMS

1
2

V50
V85
V50
V85

0.27496
0.35119
0.26035
0.30366

C
eVDV

0.458
0.584
0.431
0.502

RMS

0.28684
0.36544
0.28253
0.32832

D
eVDV

0.4775
0.537
0.4228
0.4867

RMS

E
eVDV

0.25343 0.4253
0.3208
0.537
0.4228
0.25678
0.29618 0.4867

RMS

0.2446
0.3007
0.2342
0.2669

eVDV

0.4111
0.5016
0.3773
0.4337

As can be seen, the acceleration and vibration dose values received on the first and
second devices, crossed at different speeds, are very similar for each type of vehicle.
This result had already been found with the logistic function, the difference between
the two approximations can be seen on the probability distributions of the accelerations
and vibrations doses.
Below are the comparisons for each vehicle of the RMS and EVDVs on the two
types of devices:

Vehicle A
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Vehicle C

Vehicle D

Vehicle E
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It can be noted that the difference between the RMS and EVDV distribution
functions on the two bumps is minimal if the average values are considered; even if
there is greater dispersion in the curve of the 12 feet length device, due to the fact that
the detected speed distribution function has a greater dispersion than that of the device
at 14 feet.
The standard deviation in temporary devices is higher than in permanent devices
as the driver takes time to adapt to the device, therefore the distribution of speeds is
wider, while in permanent devices all drivers tend to assume the same comfort speed.
Devices in series have been evaluated to bring about a speed reduction that is no
longer punctual but in a longer stretch of road. By inserting a series of devices the
driver does not tend to accelerate too much, so it is possible to contain speeds. In this
regard, RMS and Evdv were evaluated expecting, as found by LaToya Jhonson (2003),
that drivers tend to maintain the same speed on the bumps in succession.
For example, two roads are taken where two speed humps with a height of 3 inches
and a length of 12 feet have been inserted in series.
Below are the measured values of V50 and V85 in the two roads considered both
on the first and on the second bump. Then the standard deviation was obtained
assuming a normal distribution:
First speed humps
V50 (km/h)

V85 (km/h)

Second speed humps

 (km/h)

V50 (km/h)

V85(km/h)

 (km/h)

1st site 16.25
19.63
3.22
16.41
19.79
3.22
2nd site 15.12
19.15
3.84
15.12
19.63
4.51
Below are the logistics coefficients a, b, and c which best approximate the data
series of the V-RMS and V-eVDV curves for each vehicle (A, C, D and E) on a speed
hump of 12 feet length and 3 inch height.
A
a
b
c

RMS
0,503893
40,44146
0,146109

C
e-VDV
RMS
e-VDV
0,8222 0,531718
0,8607
37,9297 30,4383 27,7442
0,1453
0,1384
0,1375

D
RMS
e-VDV
0,4243
0,6917
22,9307 21,4153
0,1454
0,1466

E
RMS
e-VDV
0,3251
0,5372
19,7045
20,071
0,1816
0,1966

Now these curves are known and the speeds are known, the RMS acceleration and
vibration dose Evdv have been calculated in correspondence with the V50s and V85s
for each vehicle category:
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Figure 6.34 RMS and Evdv on traffic calming according to V50 and V85

Subsequently, the probability distribution was represented for both the RMS and
the VDV. Each curve represents the distribution on a given bump:
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From the study of the devices in series, it can be deduced that the accelerations in
terms of RMS and EVDV are similar for both the first and the second bump; this means
that the driver tends to assume the same behavior on two bumps in succession, keeping
an unchanged speed.

6.4 Conclusions
The aim of this Chapter was to understand the behavior of drivers in the vicinity of
traffic calming. The attention was placed on altimetric devices (speed hump and speed
table) which exploit vertical acceleration; this causes discomfort in the driver who
tends to moderate the speed below a certain threshold to reduce the disturbance. An
analytical link was then identified between velocity and vertical acceleration, using a
vehicle model with five degrees of freedom. With this model, vertical displacement
and acceleration received by the driver as a function of time have been evaluated.
The perceived discomfort is a very complex problem, which also affects vibrations.
Numerous literature studies consulted have shown that a very important factor in
characterizing the effects on the human body of vibrations is their frequency. With the
same amplitude of accelerations, the human body behaves differently since there is a
different perception threshold depending on the frequency itself. This highlighted that
stopping to evaluate only the acceleration as a function of time was reductive, for this
reason the acceleration was represented as a function of the frequencies, subsequently
identifying a single parameter (the acceleration expressed in weighted RMS or the
vibration dose eVDV) also function of the duration. Relationships between speed and
accelerations were then derived, demonstrating, as daily experience suggests, that
acceleration increases as speed increases.
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The final goal was to define acceleration or vibration dose thresholds beyond which
the driver feels discomfort. Therefore, starting from the literature, the speeds with
which the bumps are crossed have been experimentally calculated. Thus, for each
bump, relations were obtained between velocity and vertical accelerations (different
according to the bump), after which the speed was known, the level of acceleration
received was calculated. In order to understand if there is a common value of
acceleration as the bump varies, different scenarios were studied with bumps with
variable geometry crossed at different speeds. This made it possible to obtain a
common value of acceleration and vibration dose for the different scenarios; which
allows predicting the crossing speed on any type of hill.
Specifically, note the geometry of the bump, it is possible to evaluate the
relationship between speed and acceleration. Subsequently, once this acceleration
threshold has been set, it is possible to analytically determine the speed with which
that given acceleration is received.
Traffic calming (regardless of geometry), inserted in some sites for prolonged
times, has been found to produce a greater reduction in speed than temporary devices.
This is because the driver does not perceive a priori what the appropriate speed is to
overcome the bump, but it is necessary that he cross them several times before this
identifies a comfort speed.
It was also observed that by using the bumps in series it is possible to control the
speed of a certain road section and that if they have the same size they are crossed at
the same speed (producing the same discomfort effects as the bump varies).
Ultimately, this work can support the design for placing traffic calming on a road
section; since once the travel speed has been established, it is possible to evaluate the
vibration value beyond which the driver complains of discomfort and therefore vary
the geometry and the number of devices.
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APPENDIX A
The iterative process HIC calculation can be automated using a Mathlab script below
clear all
close all
clc
%dati
t=xlsread('40 TFFM',1,'A2:A542');
a_tot=xlsread('40 TFFM',1,'B2:B542');
s_f=0.001;%SCALE FACTOR TO USE INDEXES AS A NUMBER

% HIC COMPUTATION
for i = 1:length(t)
for j = 1:length(t)
HIC(i,j)=((((trapz(a_tot(i:j)))/((j-i+1)))^2.5)*((((j-i+1)*s_f))));
end
end
[HIC_max,I]=max(HIC(:));
[T_1,T_2]=(ind2sub(size(HIC),I));
T1=T_1*(s_f*1000); %milliseconds
T2=T_2*(s_f*1000); %milliseconds
dt_HIC_max =(T2-T1); %milliseconds
%CALCULATION OF THE HIC 15
for i = 1:length(t)
for j = 1:length(t)
if (j-i+1)== 15
HIC_15(i,j)=HIC(i,j);
end
end
end
HIC_max_15=max(HIC_15);
[HIC_max_15,I]=max(HIC_15(:));
[T1__15,T2__15]=ind2sub(size(HIC_15),I);
T1_15=T1__15*(s_f*1000);%milliseconds
T2_15=T2__15*(s_f*1000);%milliseconds
%CALCULATION OF THE HIC 36
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for i = 1:length(t)
for j = 1:length(t)
if (j-i+1)== 36
HIC_36(i,j)=HIC(i,j);
end
end
end
HIC_max_36=max(HIC_36);
[HIC_max_36,I]=max(HIC_36(:));
[T1__36,T2__36]=ind2sub(size(HIC_36),I);
T1_36=T1__36*(s_f*1000);%milliseconds
T2_36=T2__36*(s_f*1000);%milliseconds
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APPENDIX B
B.1 Historical excursus
In the 1950s and 1960s, the number of cars throughout Europe grew almost
exponentially and the resulting traffic caused severe pressure on the entire road
network, posing a threat to the quality of life in the city. To solve the capacity problems
of the road network, which caused congestion, new lanes were added or new roads
were built that reached and crossed the urban centers. Thus traffic congestion had
become a more important concern than safety. It was thought to widen the streets to
the detriment of pedestrians and cyclists who saw the public space available to them
shrink. But wider roads induced motorists to increase speed, with greater exposure and
risk to pedestrians at crossings.
At the end of the 1950s, traffic became so intense that some areas were unliveable,
so people started thinking about safety. It was thought that the solution to eliminate
conflicts between cars and vulnerable users was to separate traffic flows from users by
classifying the road network in terms of function and capacity. But this created
problems in existing urban areas which were redesigned and reorganized to make them
more pleasant while leaving the possibility for cars to drive at reduced speeds. These
speed reductions were possible thanks to the use of physical devices (such as
narrowings, bumps, chicanes) which acted as obstacles for motorists (Lamera, 2000).
This solution, known as the "Woonerf design" (Collarte, 2012), is considered the
emblem of traffic calming techniques. The Woonerven was officially approved by the
Dutch government in 1976 and in the following decade, the idea spread to many other
countries such as Germany, Sweden, Denmark, England, France, Japan, Israel, Austria
and Switzerland.
The Woonerf solution presented critical issues such as high cost and low speed that
could not be spread on a large scale. In the Netherlands, an attempt was made to
evaluate whether the design principles of the Woonerven could be adapted to measures
applicable to a wider range of roads and with lower costs, comparisons were made and
the introduction of traffic moderation measures was envisaged as a type of intervention
linked to costs and benefits.
The application of Traffic Calming techniques to residential areas took the name of
"Section 40 areas" in Denmark, "Tempo 30" in Germany and "Zone 20 mph" in Great
Britain.
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The Germans decided in the 1980s to experiment with the application of traffic
calming measures over a larger area. The results obtained were a reduction in speed in
the face of traffic volumes that remained unchanged, the severity of accidents was
reduced (De Pauw, Daniels, Thierie, & Brijs, 2014), air pollution decreased as well as
the noise. These findings encouraged many cities around the world to do the same. At
the beginning of the 1980s, Norway also felt the need for a policy to reduce the speed
and traffic of crossing in the centres; Denmark also carried out an experiment. Thus,
access gates, chicanes, roundabouts and other traffic moderation measures were
introduced in the urban centres of the cities, resulting in a reduction in speed, accidents
and atmospheric pollution, all at a much lower cost than the construction of new roads.
Experimental programs were also launched almost simultaneously in France, the
Netherlands and England. New devices were designed to capture the attention of
motorists at the entrance to sensitive areas: differentiated flooring, coloured signs,
lighting, etc.
Many nations have therefore moved to promote successful projects that aimed, as
is the case today, at favouring the development of the non-motorized component. To
encourage this alternative mobility, it is advisable to create comfortable and pleasant
urban environments for pedestrians and cyclists so that they can use them in everyday
life and not. In fact, it has been experienced that the perception of risk is significant
for the choice of the mode of travel for both adults (Washington, Hawort, & Schramm,
2012); (Pooley, et al., 2013); (Chataway, Kaplan, Nielsen, & Prato, 2014); (Mertens,
et al., 2016) and for children (Lorenc, Brunton, Oliver, Oliver, & Oakley, 2008);
(Timperio, et al., 2006); (Carver, et al., 2005); (Carver, Timperio, Hesketh, &
Crawford, 2010); (Christie, et al., 2011).
The traffic enhancement devices, despite having improved general safety, have
limitations and generate problems in:
1. Buses: tend to increase travel times, can generate passenger discomfort and
increase the wear of the mechanical parts of the buses.
2.

3.
4.

Emergency services: can adversely affect the response times of emergency
vehicles (fire and ambulance services). To be efficient, these services must use
the fastest routes, rather than the shortest ones.
Cyclists: due to the high heights of the devices, they can experience discomfort
when travelling on them.
Vehicle occupants, disabled or elderly: especially those with spinal problems,
may find the measures, often especially vertical ones, more uncomfortable and
more difficult to pass than more able people.
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Traffic calming devices can be classified according to their effect in measures of:
 volume controls are used to reduce the amount of vehicles crossing a road..
These include total or partial road closures, deviations of various types
(diagonals, etc.), central obstacles or barriers and forced curved islands.
 speed control including speed humps, speed bumps, raised areas (pedestrian
crossings and intersections), roundabouts, chicanes, narrowings, etc. These
measures through the variations of horizontal or vertical alignment and through
narrowing of the carriageway reduce speeds of drivers.
Particularly the speed moderation tools can be further classified from a geometric
point of view into:
 vertical devices that use the force of vertical acceleration aimed at containing
excess speed;
 horizontal devices that use the force of lateral acceleration to reduce speed;
 psycho-perceptive devices used to moderate speed, without intervening on the
geometry.
Field experiences have shown that vertical and horizontal devices tend to be more
effective in reducing speeds. Below is only a brief overview of traffic calming with an
elevation effect
Vertical devices
Vertical speed control measures are one of the most effective forms of vehicle speed
reduction. These devices are designed to reduce discomfort and minimize delays to
service vehicles by covering, at times, only part of the width of the road.
Vehicles transiting on a localized irregularity of the road profile undergo a strong
vertical acceleration due to the dynamic interaction between vehicle and irregularity.
This acceleration causes a strong disturbance in the driver who is thus forced to reduce
speed.
It is evident that, in order to operate an effective and continuous control of the speed
of the vehicles, it is necessary to establish in series a certain number of such devices
according to a specific spacing.
According to most of the studies and regulations, it has been seen that these devices
can be classified into different categories listed below.
 Speed humps
The term "speed humps" is generic. Road bumps are elevations of the carriageway
having different shapes and sizes to suit different positions and situations.
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They are built in a bituminous conglomerate or rubber and have different profile
trends, used in different countries. In Europe and Canada, the shapes are mainly
trapezoidal or sinusoidal, in America sections with parabolic and circular development
(arc of circle) are used (Department of Transportation, 2020).

Figure B.1 Possible forms of speed humps

The geometry of the road bump can influence the degree of discomfort experienced
by road users and the subsequent speed control effect.
Depending on the desired speed reduction, devices are inserted in series with a
spatial gap defined a priori.
Bumps are the most used devices because they have proven effective in controlling
speeds and are generally applicable to most road tracks.
The bumps can be classified into speed humps and speed bumps.
The substantial difference between speed humps and speed bumps concerns their
length, as the former has a greater extension than speed bumps.

Figure B.2 Difference between a speed hump and a speed bump

Speed bumps are devices with a length of a few tens of cm, generally 30 cm, they
are very common and easy to install that can be made of bituminous conglomerate or
prefabricated plastic material. The height of such devices generally varies between 3
inch (7.62 cm) and 4 inch (10.16 cm).
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FigureB.3 Speed bump example

Speed humps, on the other hand, are devices with a length of a few meters, they can
vary between 12 feet (3.65 m) and 22 feet (6.70 m), also in this case the height varies
between 3 inches (7.62 cm) and 4 inches (10.16 cm).

Figure B. 4 Speed hump example

These devices have innumerable advantages and disadvantages shown in the table.
Advantages
Disadvantages
- the reduction in speed is influenced by the - due to the vertical acceleration depending on
type of vehicle and the size of the bump the speed, the type of vehicle and the design
(height, length and ramp gradient for flat of the bump, it causes annoyance to the
humps);
drivers of the vehicles;
- reduction of accidents (about 60%);
- the discomfort of drivers and passengers on
- reduction of traffic flows (about 25%);
buses, ambulances and commercial vehicles
is usually greater than that of cars
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- bumps and raised joints can improve the
appearance of a road if designed and built to
a high standard;
- on the bumps you could park avoiding loss
of space;
- if the back of the hump is flat it can be used
as a crossing point for pedestrians;
- minimal impact on snow clearing vehicles;
- using bumps of reduced height reduces the
inconvenience for passengers and bus
drivers as well as reducing the travel times
of the service vehicles. Even if this leads to
an increase in the speed of cars.

-

-

-

-

-

(Herrstedt, 1991), even if the former pass
through them at reduced speed;
the bumps increase the travel times of buses
and emergency vehicles causing delays to
the emergency services;
the reduction of the traffic flow on the
section where the devices are applied can
generate an increase of the vehicular flow on
the surrounding untreated roads;
they can increase noise and vibration levels
especially if there is a significant flow of
commercial vehicles in the traffic flow;
bumps to be easily identified must be
marked and illuminated;
poorly designed systems can lead to the
aggressive behaviour of the driver who can
be led to brake abruptly, increasing the noise
and polluting emissions of individual
vehicles;
such systems require sidewalk-to-sidewalk
drainage for rainwater disposal.

 Speed table and raised crosswalks
They are elevations of the road surface, connected to this thanks to connecting
ramps (with a maximum gradient of 10%), which are positioned in correspondence
with areas to be protected at high speeds or with the presence of pedestrian crossings.
Speed tables are elevations that reach about 22 feet (10-12 m) in length, which is
longer than normal vehicles and 3 inches (7.62 cm) in height. They have a trapezoidal
shape with a flat central back, joined laterally with two sinusoidal ramps.
The device can be made with asphalt, concrete, stamped asphalt or concrete, or
other moulded materials.

Figure B. 5 Raised crosswalks example

The raised crosswalks is a device used for pedestrian crossing. This is usually
longer and higher than the speed table to get to the curb level.
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Such devices should be equipped with edge warning devices for the blind. This
warning should be provided by means of a tactile surface.
They are built in bituminous conglomerate, rubber or more often brick (Department
of Transportation, 2020).
From experience it has been noted that it is appropriate to impose an upper limit for
the length (maximum 50 feet) of speed tables or raised crosswalks, otherwise, they
lose their effectiveness.

-

Advantages

Disadvantages

speed reduction;
better definition of pedestrian areas;
self-application;
reduction of conflicts between vehicles and
pedestrians.

negative impact on emergency services (for
example, ambulance, fire and police),
slowing down response times and affecting
the comfort of the patients transported.

B.2 Effects of frequency on the human body
It is important to understand the concept of resonance, if the vibration has a very
low frequency then the mechanical structure will move as a single unit, if instead the
vibration has a high frequency the structure is isolated from the vibration itself.
Between these two limit conditions there is a range of frequencies in which there will
be a particular one in which the effect of the vibration will be maximized; this
frequency is called the resonance frequency of the structure. To ensure that the
vibrations are not too high at this frequency, the structures and the human body are
dampened. Therefore, it responds differently to solicitations based on the frequency of
the vibration and the natural frequency of vibrating. As for all mechanical structures,
the human body also reacts differently as a function of frequency, especially for low
frequencies it behaves as a single homogeneous mass, while for higher frequencies it
behaves as a set of susceptible masses (of relative motion ) connected to each other by
elastic elements such as muscles and dissipative elements such as cartilages. More
specifically, the parts of the human body react differently depending on the
frequencies, and each has its own resonance frequency. For example, the legs have a
vibration frequency of 2 Hz, the abdomen has a frequency of 4-8 Hz, the chest a higher
frequency around 50-100 Hz, the upper limbs frequencies ranging from 5 to 50 Hz,
the head and the eyeball frequencies ranging from 20 to 90 Hz.
Hence, the level of stress induced by the vibration depends not only on the
amplitude but also on the frequency. That is why it is sometimes preferred to describe
vibration in the frequency domain rather than in the time domain. To do this, the
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Fourier transform (FFT) is used in which a random signal is broken down into a series
of simple sinusoidal signals, once passed in this domain the result will be a frequency
response spectrum in which there will be frequencies to which the respective
amplitudes are associated. The transition from the time domain to the frequency
domain in the cases of the sinusoidal signal, multi-sinusoidal signal and random signal
(using Mathcad) is reported below. In fact, you can see the result deriving from the
transformation obtained by inserting the sinusoidal signal in the time domain and then
passing it to the frequency domain with the FFT command.

Figure B. 6 Signal as a function of time of a sinuoside

Figure B.7 Signal as a function of frequencies for a sine wave
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Figure B. 8 Time domain signal for a multi-sine wave

Figure B. 9 Signal in the frequency domain for a multi-sine wave

It can be noted that the difference between a sinusoidal and a multi-sinusoidal signal
lies in the fact that a sinusoidal signal, in the frequency domain, has a peak with a value
equal to its amplitude in correspondence with its own frequency, equal to 0.39 Hz; in
the second case, a linear combination of three sinusoids with three different
frequencies and amplitudes is observed. Three peaks of amplitude equal to 3.2 and 1
can be noted precisely in correspondence with the three frequencies at 0.39 Hz, 3.91
Hz and 7.82 Hz.
If, on the other hand, a random signal is evaluated, a representation of the signal in
the time and frequency domain is obtained as shown below.
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Figure B. 10 Random signal as a function of time

Figure B. 11 Random signal according to the frequencies

This spectrum will have a shape with a very irregular profile, therefore a
representation in octave bands is preferred, thus dividing the frequency domain into
bands. This concept is borrowed from acoustic physics, in which to represent a random
sound the discretization is made to have a frequency spectrum with less irregularity,
in short, a smoothed profile. The most used bands are those of octave and third of an
octave. Each octave band has the particularity of having constant the ratio between the
amplitude (df), that is the difference between the upper and lower cut-off frequency,
and the central frequency, equal to 0.707. The lower cut-off frequency of the i-th band
corresponds to the upper cut-off frequency of the i-th-1 band. The one-third octave
band has the ratio between the amplitude (df) and the central frequency equal to 0.232;
the centre frequency in both cases is given by the square root of the product between
the lower cut-off frequency and the upper cut-off frequency. In the octave band, the
lower frequency of the i-th band is double the lower frequency of the previous (i-th-1)
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band. But in the one-third octave band, it is no longer double but there is an increase
of a factor of 1.26. Ultimately, to find the lower value of the next band considering a
band of an octave, multiply by 2, while for the band of a third of an octave, multiply
by the cube root of 2. To represent this domain for n-th octave bands, one should make
the nth root of the lower frequency to find the lower frequency of the next band.
The human body is exposed to deterministic or random waves, subdivided into
stationary movements (in which the statistical properties do not change over time) or
into non-stationary movements (when the statistical properties over time change).
It is important to first understand how the three kinematic quantities are perceived
as the frequency varies. For example, if you are on the top floor of a building and it
begins to oscillate due to the strong wind, the movement is perceived but it is difficult
to perceive the speed and acceleration. Similarly, if you look at a fan and touch the
base, you notice the acceleration but cannot identify the movement.
The human body is exposed to different types of waves, both in amplitude and
frequency. For example, a sine wave with a magnitude of 1 m/s2 of RMS and a
frequency of 0.2 Hz, i.e. a period of r seconds, has a peak-to-peak amplitude value of
2 m; this wave could represent the vertical oscillation which can be found on a ship
trip. While with the same acceleration magnitude with a frequency of 1 Hz the peakto-peak amplitude will be 70 mm; motion that can be found on a train journey. Always
with the same magnitude with an oscillation of 5 Hz, you will have a peak-to-peak
amplitude of 3 mm; this acceleration can be found during a road trip on an old car.
With higher frequencies, always with the same magnitude, it becomes difficult to
perceive the displacement; in fact at 20 Hz the vibration gives the sensation of being
in a helicopter even if it has a peak-to-peak amplitude of 0.2 mm.
The effects on the human body vary according to the frequency and amplitude of
the vibration. It is known that the effects on the whole body (WBV) for very low
frequencies, therefore prolonged periods, are nauseating and increase with increasing
amplitude while moving towards even lower frequencies can lead to motion sickness
(a neurological disorder that some individuals subsequently experience rhythmic
displacements during motion, for example on a ship). Furthermore, it may be difficult
to maintain correct posture and loss of precision in gestures and manual activities.
Motion sickness is a combination of unpleasant symptoms such as dizziness, nausea
and vomiting that occur as a result of repetitive movements. It is a neurological
disorder that derives from the contrasting interpretation of the signals coming from the
vestibular, visual and proprioceptive systems. The signals that our brain receives, if
there were any malformations of the vestibular system, could be discordant for the
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different organs of perception, so once they reach the brain these signals come into
conflict. For example, during a trip by car or by ship, the eyes send the signal that you
are moving to the brain, but being seated, the other receiving organs send a different
signal, this contrast is precisely the triggering cause of motion sickness, properly called
movement disease. It often occurs during a trip, in fact, it is also known as seasickness
or car sickness; in most cases, symptoms improve as the body adjusts to the conditions
causing the problem. For example, if motion sickness occurs during a stay on a cruise
ship, the malaise can improve within a few days. If, on the other hand, the vibrations
have high frequencies, it can have effects on the parts in contact that can generate
numerous injuries. Among the best known are the vascular lesions that can occur
according to the secondary form (Raynard's phenomenon, commonly known as white
finger syndrome); neurological lesions can present with neuropathies, hypoesthesia,
reduction of thermal sensitivity and precision, moreover, an impairment of the sensory
component can arise. Musculoskeletal lesions can be chronic-degenerative tendon or
osteoarticular lesions. These damages occur precisely because at high frequencies our
body does not react as a single mass but in a distinct way, therefore mechanically
injuries can be created at the points of contact, as the parts of the body do not move
asynchronously. Therefore, during a high-frequency vibration, there are elongations
or shortenings that affect the state of health.
In general, vibrations with low frequencies, between 1 Hz and 20 Hz, have more
relevant effects on the whole body while vibrations with high frequencies, between 10
Hz and 100 Hz have greater effects on the contact parts (Mansfield Neil J., 2005).

FigureB. 12 Effects on the human body as a function of frequency
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The organs that make up the human body send different motion detection signals
(because each system reacts differently to vibrations) which are combined and once
they arrive at the brain they are assimilated and a cognitive model of the movement
environment is generated. It has been observed that the visual system is very sensitive
to oscillations at low frequencies, this allows us to see a relative displacement of
objects that move with high periods; while the vestibular system is very sensitive to
high-frequency oscillations because the semi-circular canals and the vestibule are
sensitive to rotational and linear acceleration. The somatic system can be divided into
three elements (kinesthetic, visceral and cutaneous) each of which receives the signals
through the receptors found in muscles, joints, tendons or terminations present in the
skin layers. Sometimes exposure to shocks or transients can be heard through the
vibrations of the vehicle structure, above 20 Hz (high frequencies) the vibrating
surfaces can act as amplifiers causing the perception of sound.
The problem of identifying vibration perception thresholds is a very complex
problem, in fact, over the years numerous researches have been conducted in the
laboratory exposing individuals to sinusoidal signals to evaluate the perception
threshold of each.
It has been found that seated subjects, as in the case of drivers, exposed to vertical
sinusoidal vibrations are able to perceive vibrations with a frequency of 5 Hz up to
0.01 m/s2 RMS, while with vibrations having frequencies below 1 Hz and above 10
Hz the threshold perception rises to values of 0.03 m/s2, in general the human body is
more sensitive to vibrations included in a frequency range between 4 Hz and 8 Hz.
For horizontal sinusoidal vibrations, on the other hand, the most perceptible
vibration is always the one with a frequency of 1 Hz, while vibrations with higher
frequencies have a perception threshold that increases up to 0.4 m/s2 RMS at a
frequency of 80 Hz.
These results have been developed, as mentioned before, on seated individuals, but
in reality, it is also possible to travel in a supine or standing position, such as ships,
rescue vehicles, military operations, or more commonly standing on buses, trains,
subways. Therefore, studies have also been conducted that consider different positions
in which it has been shown that there is not a big distinction of perception compared
to the case of sitting position. The graphical representations of the perception
thresholds are shown below.
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Figure B. 13 Perception thresholds for vibrations for vertical sinusoidal oscillations as a function of
frequency

Figure B. 14 Perception threshold for horizontal sinusoidal vibrations as a function of frequency

Assuming that the response of the human body varies according to the frequencies,
to determine the RMS or the eVDV it is advisable to weigh the quantities in a different
way according to one's own frequency. Then weighting curves were identified by
which a factor to be multiplied by the respective size was associated with each
frequency band. This multiplication factor will be less than unity for frequencies
outside the range between 4 and 8 Hz; it is conceivable that moving away from these
frequencies, the body is not affected by these vibrations, therefore the multiplicative
factor decreases. One can qualitatively imagine a bell curve. Before evaluating these
curves it must be emphasized that the human body reacts differently also depending
on the direction from which the vibrations come, therefore it is appropriate to define
the Cartesian axes. The ISO 2631 standard defines an orthogonal system for a seated
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person: the z axis that goes from the feet to the head, the x axis that goes from the back
to the chest, the y axis that goes from right to left.

The acceleration evaluated is that along the z axis, therefore the components along
the other two axes are neglected. The multiplicative factors as a function of the central
frequency relative to a third of an octave and the multiplicative factors for the
transverse vibrations referred to the x and y axes are reported below.
Table B. 1 Multiplication factors for longitudinal and transverse vibrations

Center frequency of the Multiplication factor for Multiplication factor for
1/3 octave band
longitudinal vibrations
transverse vibrations
1
0.5
1
1.26
0.56
1
1.6
0.63
1
2
0.71
1
2.6
0.80
0.8
3.16
1
0.63
4
1
0.5
5
1
0.4
6.3
1
0.316
8
1
0.25
10
0.80
0.2
12.5
0.63
0.16
16
0.50
0.125
20
0.40
0.1
26
0.316
0.08
31.6
0.25
0.063
40
0.20
0.06
50
0.16
0.04
63
0.125
0.0315
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80
0.10
0.025
The body is more sensitive to transverse vibrations, especially if between 1 and 2
Hz. On a graphic level, by superimposing the transverse and vertical vibrations, a
translation is observed.

Figure B. 15 weighting curves for longitudinal and transverse vibrations

In the most general case, in which the components along x and y are also
considered, the simultaneity along the 3 axes of vibration should have been taken into
account, therefore the acceleration should be weighed along the 3 directions to then
have a single acceleration value by applying the following equation:
B’.1

2

2
𝑎 = √(1.4𝑎𝑥𝑤 )2 + (1.4𝑎𝑦𝑤 ) + 𝑎𝑧𝑤

By applying a multiplication factor equal to 1.4 to the transverse accelerations,
these can be uniformed to the longitudinal ones.

B.2.1 International standard relating to exposure to
vibrations
The reference standard for assessing the exposure of the human body to vibrations
is the ISO 2631 standard (International Organization for Standardisation, 1986), drawn
up in 1978 but subsequently updated several times, in fact there are more recent
versions, in 1985, in 1997 and the last revision in 2014. Here are some basic passages
to then highlight some similarities with the BS 6473 standard (British Standard
institution, 1984), implemented in England by ISO 2631. In Italy, on the other hand,
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the problem of vibrations was implemented in the legislative decree of no 81/2008, or
"consolidated text on safety at work" which assesses the risk of exposure to vibrations
in work field. The reference technical standards are UNI EN ISO 5349 for the armhand system and UNI 2631 for the vibrations transmitted throughout the body.

B.3 Exemplary models of vehicles
In order to evaluate the disturbance induced on the driver when crossing the bump,
it is necessary to schematize the vehicle with a simplified model. In this work, different
models were considered which will be analyzed in detail below.
The quarter car model is used to represent a portion of the vehicle.

Figure B16 Quarter car model diagram

This model, with two degrees of freedom, sees the vehicle schematized with a
spring (kus) supporting an unsprung mass (Mus), representing the tire, connected via an
elastic spring (ks) and a viscous damper (cs) to a sprung mass (Ms), which represents
the vehicle. The two degrees of freedom are the vertical displacements of the two
masses.

Figure B. 17 Half car model diagram

The model with four degrees of freedom, on the other hand, is schematized with a
rigid suspended rod, which is the mass of the vehicle (Ms), connected by means of
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elastic springs (ksa, ksp) and viscous dampers (csa and csp) with two masses unsprung,
the tires (Mua is the mass of the front tire and Mup the mass of the rear tire), connected
to the ground by means of elastic springs (kua, kup) and viscous dampers (cua ,cup).

Figure B. 18 Spring-damper diagram representing the tire

In this diagram, the degrees of freedom are 4, there are three vertical displacements
of the three masses (the two tires and the rigid rod) and, in addition, there is rotation
around the center of gravity . The rotation around its own transverse axis is
considered because, compared to the previous scheme, pitching can occur.
Since the phenomenon of pitching was present, it was necessary to evaluate the
moment of inertia for the rigid rod, which is somewhat complicated due to the
particular shape of the car body. In this discussion, the problem has been simplified by
obtaining the moment of inertia by approximating the vehicle body to a rigid rod
having a length equal to the total length of the vehicle. Remember the formula for the
moment of inertia J (kg m2):
𝐽 = 𝑚 𝑖2

B’.0.2

where m represents the suspended mass of the entire vehicle excluding the masses
of the front and rear axles, while i is the radius of inertia calculated as the moment of
inertia divided by its area, remembering that the moment of inertia for a rectangular
section is equal to:
𝐵𝐻 3
B’.0.3
𝑀=
12
Going to make this relationship it turns out that the radius of inertia "i" is equal to:
𝐻2
B’.0.4
𝑖=
12
Therefore the moment of inertia J will be given by the following definitive formula:
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𝐻2
B’.0.5
12
where the quantity H represents the full length of the vehicle.
𝐽=𝑚

In order to evaluate the accuracy of this simplification, assuming that the car body
is a rigid rod, the moment of inertia that comes out of this formula was compared with
the moment of inertia obtained experimentally.
To do this, 40 cars were taken from the entire vehicle fleet (Heydinger, 1999) from
which the data relating to the mass, length and experimental values of the moment of
inertia J are available (kg m2). For each vehicle, the moment of inertia was calculated
using the equation B’.0.5 above as a function of mass and length.
The following graph places on the abscissa axis the moment value obtained
experimentally and on the ordinate axis the moment obtained from the formula, from
this it is clear how close the approximation of the vehicle body to a rigid rod is to
reality, it can be in fact observe that the points approach the bisector line of the
quadrant.

Figure B. 19 Comparison of experimental moment of inertia and calculated moment of inertia

This makes it possible to assume the value of the moment of inertia J (kg m2) as the
product of the suspended mass and the radius of inertia as a function of the total length
of the vehicle.
For the evaluation of the length of the vehicle footprint, on the other hand, the
following relationship was used:
𝜋𝑟𝑖2 𝑝𝑔 = 𝐹𝑣

B’.0.6
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where the unknown is the radius of the footprint area (m), while Fv is the vertical
discharge on the single wheel calculated as a quarter of the total mass of the vehicle
and pg is the tire inflation pressure (2 bar = 202650 N/m2). Therefore the radius of the
footprint area is:
B‘.0.7

𝐹𝑣
𝑟𝑖 = √
2𝜋𝑝𝑔

The footprint area is then double the radius of the footprint area, below is a summary
table of the sizes listed so far for each type of vehicle:
A
C
D
E

weight (kg)
940
1090
1707
2450

Fv (N)
2305.35
2673.225
4186.418
6008.625

r (m)
0.060176
0.064799
0.081091
0.097149

D (m)
0.12
0.14
0.16
0.20

Furthermore, the values shown in the following table have been entered to represent
the driver and the vehicle seat in the model.
Elastic stiffness of the seat (N / m)
10000
Linear coefficient of kinematic viscosity of the front
500
suspension (N s/m)
Mass of seat and driver (kg)
100
It has been estimated that the distance between the driver and the centre of gravity
is approximately 0.3 m, this is because the centre of gravity is generally located near
the gear lever, located approximately 0.3 m from the driver's seat.

B.3.1 Description of mathematical models
The quarter-car model is simpler as the car, which schematized with a suspended
mass, interacts with the elevation profile through a viscous damper and elastic spring,
and is also connected to the unsprung mass through a viscous damper and an elastic
spring.
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Figure B. 20 quarter-car model

From the analytical point of view, the solution of the problem is obtained through
a system of differential equations:
[𝑀] 𝑋̈ + [𝐶]𝑋̇ + [𝐾]𝑋 = {𝑌}
B’.0.8
Where:
[M]= mass matrix
[C]= damping matrix
[K]= matrix of elastic stiffnesses
{Y}= vector terms known
By operating a change of variables, the system of n second-order differential
equations becomes a system of 2n first-order differential equations:
𝑧𝑠
B’.0.9
𝑧̇𝑠
{𝑋} = [𝑧 ]
𝑢
𝑧̇𝑢
In which:
𝑧𝑠 is the height of the suspended mass (m),
𝑧̇𝑠 is the velocity of the suspended mass (m/s),
𝑧𝑢 is the height of the suspended mass (m),
𝑧̇𝑢 is the velocity of the suspended mass (m/s),
A system of first order differential equations is obtained:
{𝑋̇} = [𝐴]{𝑋} + {𝐵}ℎ𝑉

B’.0.10

where hV represents the filtered share of the profile by the moving average operator.
This system is solved by a numerical method for successive iterations; the response of
the system in the i-th point is the sum of a free response of the system in the previous
position (i-1) and the forced response of the input between the intervals (i-1 and i).
𝑅𝑖 = 𝑅𝑖−1 + 𝑅(𝑖−1,𝑖)

B’.0.11

316

APPENDICES

The system of differential equations becomes:
{𝑋̇} = [𝐴]{𝑋} + {𝐵}𝑆𝑝𝑠

B’.0.12

where Sps represents the slope of the filtered profile (constant for each section). The
closed form solution is as follows:
∆

∆

𝑥𝑖 = 𝑒 𝐴(𝑉) ∗ 𝑥𝑖−1 + 𝐴−1 ∗ (𝑒 𝐴(𝑉) − 𝐼) ∗ 𝐵 ∗ 𝑢

B’.0.13

Where:
∆

𝑒 𝐴(𝑉) represents the answer in i-1;
∆

𝐴−1 ∗ (𝑒 𝐴(𝑉) − 𝐼) ∗ 𝐵 ∗ 𝑢 represents the forced response
By solving the system of differential equations, the vector {X} is evaluated with which
it is possible to determine the slopes and the relative variations for each section, of the
suspended and unsprung mass. Subsequently, from the values of the slopes it is
possible to reconstruct the profile of the suspended and unsprung mass, thus deriving
this profile with respect to time, speed and acceleration are obtained.
The matrices used for the resolution are the following:
0
1
0
0
−𝑘2 −𝑐
𝑘2
𝑐
0
0
1
𝐴= 0
𝑘2
𝑐 −(𝑘1 + 𝑘2 ) −𝑐
[ 𝜇
𝜇
𝜇
𝜇]
0
0
𝐵= 0
𝑘1
[𝜇]
In the matrices all quantities are divided by the suspended mass, where:
k1 ratio between the elastic stiffness of the tire and the suspended mass (N/m);
k2 ratio between the elastic stiffness of the suspensions and the suspended mass
(N/m);
c ratio between the linear viscosity coefficient of the suspension and the suspended
mass (Ns/m);

 ratio between the unsprung mass and the suspended mass.
In this model, the linear viscosity coefficient of the tire is neglected as it appears to be
very modest compared to the other quantities.
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In addition to the characteristics of the vehicle, the altimetric profile (represented
graphically on the Cartesian plane) and the speed must therefore be entered as input
data.
It is then necessary to arbitrarily determine a spatial sampling step to which a
corresponding sampling time step will be associated by means of the velocity. Having
to operate in the range of frequencies between 0.5 Hz and 80 Hz, a step of 0.02 m was
chosen in order to better represent the phenomenon. In fact, as can be seen from the
following table, for low speeds information is lost for high frequencies for which it is
not possible to sample having a very low maximum sampling frequency (fs), of a few
tens of Hz.

On the other hand, it was not possible to use a sampling step lower than 0.02 m because
in that case important information would have been lost at low frequencies, having to
use a very high elementary df.
To calculate the fs as a function of the spatial sampling step and the velocity, the
integration interval (tint) was first calculated as a ratio between the sampling step ()
and speed, then the fs as the inverse of the sampling interval.
∆ 1
B’.0.14
𝑡𝑖𝑛𝑡 = =
𝑣 𝑓𝑠
For example, proceeding at a speed of 5 Km/h (1.38 m/s) and a spatial step of 0.1
m, the sampling frequency is equal to 13.88; this frequency does not allow to evaluate
the whole phenomenon in the frequency range of interest.
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Entering the characteristics of the vehicle, the speed and the altitude profile through
the system of differential equations, the result is a time history of the displacements of
the suspended and unsprung mass. Velocity and acceleration were derived as an
incremental ratio of displacement through numerical integration:
𝑥𝑖 − 𝑥𝑖−1
B’.0.15
𝑣𝑖 =
𝑡𝑖𝑛𝑡
𝑣𝑖 − 𝑣𝑖−1
B’.0.16
𝑎𝑖 =
𝑡𝑖𝑛𝑡

Figure B. 21 Acceleration as a function of space-time

The Half-car model was then analyzed which has four degrees of freedom, namely:
the vertical displacement of the suspended mass, the rotation of the suspended mass
(representative of the pitching phenomenon), the vertical displacement of the front
unsprung mass and unsprung mass rear. In this model the suspended mass is not a point
body but a rigid rod. The rigid member in physics is a one-dimensional body whose
parts are subject to a rigidity constraint, i.e. a body that is stationary or moving never
deforms.

Figure B. 22 Half-car model
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Mathematically, the resolution is similar to that used in the quarter-car model, in
fact, the matrices of elastic stiffness and viscous dampers have been constructed. Also
in this case the viscous dampers of the tires are neglected, furthermore, the distances
between the front axle and the rear axle are measured with respect to the center of
gravity of the rigid rod (the rod schematizes the vehicle body) in which the mass is
concentrated suspended.
The matrices used are shown below:
𝑚𝑠 0
0
0
0 𝐽𝑠
0
0
𝑀=[0 0 𝑚
0 ]
𝑢𝑎
0 0
0
𝑚𝑢𝑝
−(𝑘𝑎 + 𝑘𝑝)
𝑘 𝐿 − 𝑘𝑎 𝐿𝑎
𝐾= 𝑝 𝑝
𝑘𝑎
𝑘𝑝
[

𝑘𝑝 𝐿𝑝 − 𝑘𝑎 𝐿𝑎
𝑘𝑎
𝑘𝑝
2
2
−(𝑘𝑎 𝐿𝑎 + 𝑘𝑝 𝐿𝑝 )
𝑘𝑎 𝐿𝑎
−𝑘𝑝 𝐿𝑝
𝑘𝑎 𝐿𝑎
−(𝑘𝑎 + 𝜖𝑎 )
0
−𝑘𝑝 𝐿𝑝
0
−(𝑘𝑝 + 𝜖𝑝 )]

−(𝑐𝑎 + 𝑐𝑝)
𝐶=

𝑐𝑝 𝐿𝑝 − 𝑐𝑎 𝐿𝑎
𝑐𝑎
𝑘𝑝
[

𝑐𝑝 𝐿𝑝 − 𝑐𝑎 𝐿𝑎
−(𝑐𝑎 𝐿2𝑎

𝑐𝑝 𝐿2𝑝 )

+
𝑐𝑎 𝐿𝑎
−𝑘𝑝 𝐿𝑝

𝑐

𝑐𝑝

𝑐𝑎 𝐿𝑎
−𝑐𝑎
0

−𝑐𝑝 𝐿𝑝
0
−𝑐𝑝 ]

In which this symbolism represents:
ms is the mass of the suspended rigid rod (kg);
mua is the mass of the front axle (kg);
mup is the mass of the rear axle (kg);
Js is the moment of inertia of the rigid member;
ka is the elastic stiffness of the front suspension (N/m);
kp is the elastic stiffness of the rear suspension (N/m);
La is the distance between the front axle and the center of gravity of the rigid rod (m);
Lp is the distance between the rear axle and the center of gravity of the rigid rod (m);
to is the elastic stiffness of the tire (N/m);
p is the elastic stiffness of the tire (N/m);
ca is the kinematic viscosity coefficient of the front axle (N2/m);
cp is the kinematic viscosity coefficient of the rear axle (N2/m);
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Also in this case a change of variables was carried out passing from a system of n
second-degree differential equations to a system of 2n first degree differential
equations.
Consequently, vectors are obtained which represent the displacements of the three
masses and the rotation. By way of example, the overlapping time histories of the
displacements of these masses as they pass over a generic bump are reported below:

Figure B. 23 time-history of the movements of the masses

It is observed that the suspended mass begins to move when the front axle begins to
cross the impact and that there is a time lag between the displacement of the front and
rear unsprung mass; this delay corresponds to the ratio between the length of the step
and the speed with which the crossing of the bump is simulated. What happens in the
first ten meters is shown graphically below:

Figure B. 24 time history of the vertical displacements of the masses

It can be seen that the suspended masses differ little from the road profile while the
trend of the suspended mass has a lower peak than the relative peaks of the unsprung
masses, moreover there is a phase shift due to the dampers; even if from the graph it
is not possible to perceive, there is a small undulation, small displacements of the rear
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unsprung mass, even before the rear axle begins to cross the bump, which is explained
by the fact that the rear axle is connected via the rigid rod to the front axle.
As in the case of the quarter-car, by deriving this representation of the
displacements with respect to time, it is possible to obtain the speeds and accelerations
as a function of time by making the incremental ratio of the displacements with respect
to time and then going to make the ratio incremental speed with respect to time:
𝑥𝑖 − 𝑥𝑖−1
B’.17
𝑣𝑖 =
𝑡𝑖𝑛𝑡
𝑣𝑖 − 𝑣𝑖−1
B’.18
𝑎𝑖 =
𝑡𝑖𝑛𝑡
Below is an accelerogram of the mass suspended in the time domain on a generic
bump:

Figure B. 25 acceleration as a function of time

The 5 degrees of freedom model is more complex than the first two models, it
consists of a model similar to the Half-car model with the addition of another degree
of freedom, namely the vertical displacement of the driver. Therefore, compared to the
Half-car it is necessary to construct matrices of inertia, stiffnesses and dampers of size
5×5, in which to insert new input data such as the total mass of driver and seat, the
elastic stiffness of the seat, the kinematic viscosity coefficient of the seat and the
distance between this mass and the center of gravity of the rigid rod which always
represents the suspended mass.
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Figure B. 26 5 dof model

Below are the matrices used to solve the problem:
𝑚𝑠 0
0
0
0 𝐽𝑠
0
0
0
0
𝑚
0
𝑀=
𝑢𝑎
0 0
0
𝑚𝑢𝑝
0
0
[0 0
−(𝑘𝑎 + 𝑘𝑝 + 𝑘𝑠 )
𝑘𝑝 𝐿𝑝 − 𝑘𝑎 𝐿𝑎 + 𝑘𝑠 𝐿𝑃
𝐾=
𝑘𝑎
𝑘𝑝
[
𝑘𝑠

−(𝑐𝑎 + 𝑐𝑝 + 𝑐𝑠 )
𝑐𝑝 𝐿𝑝 − 𝑐𝑎 𝐿𝑎 + 𝑐𝑠 𝐿𝑠
𝐶=
𝑐𝑎
𝑘𝑝
[
𝑐𝑠

0
0
0
0
𝑚𝑔 ]

𝑘𝑝 𝐿𝑝 − 𝑘𝑎 𝐿𝑎 + 𝑘𝑠 𝐿𝑝
𝑘𝑎
𝑘𝑝
𝑘𝑠
2
2
2
−(𝑘𝑎 𝐿𝑎 + 𝑘𝑝 𝐿𝑝 + 𝑘𝑠 𝐿𝑠 )
𝑘 𝑎 𝐿𝑎
−𝑘𝑝 𝐿𝑝
−𝑘𝑠 𝐿𝑠
𝑘 𝑎 𝐿𝑎
−(𝑘𝑎 + 𝜖𝑎 )
0
0
−𝑘𝑝 𝐿𝑝
0
−(𝑘𝑝 + 𝜖𝑝 )
0
−𝑘𝑠 𝐿𝑠
0
0
−𝑘𝑠 ]

𝑐𝑝 𝐿𝑝 − 𝑐𝑎 𝐿𝑎 + 𝑐𝑠 𝐿𝑠
𝑐𝑎
2
2
2
−(𝑐𝑎 𝐿𝑎 + 𝑐𝑝 𝐿𝑝 + 𝑐𝑠 𝐿𝑠 ) 𝑐𝑎 𝐿𝑎
𝑐𝑎 𝐿𝑎
−𝑐𝑎
−𝑘𝑝 𝐿𝑝
0
−𝑐𝑠 𝐿𝑠
0

In which:
ms is the mass of the suspended rigid rod (kg);
mua is the mass of the front axle (kg);
mup is the mass of the rear axle (kg);
Js is the moment of inertia of the rigid member (Nm2);
ka is the elastic stiffness of the front suspension (N / m);
kp is the elastic stiffness of the rear suspension (N / m);
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𝑐𝑝
−𝑐𝑝 𝐿𝑝
0
−𝑐𝑝
0

𝑐𝑠
−𝑐𝑠 𝐿𝑠
0
0
−𝑐𝑠 ]
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La is the distance between the front axle and the center of gravity of the rigid rod
(m);
Lp is the distance between the rear axle and the center of gravity of the rigid rod
(m);
to is the elastic stiffness of the tire (N / m);
p is the elastic stiffness of the tire (N / m);
ca is the kinematic viscosity coefficient of the front axle (N s / m);
cp is the kinematic viscosity coefficient of the rear axle (N s / m);
mg is the total mass of the driver and seat (kg);
ks is the elastic stiffness of the seat (N / m);
cs is the kinematic viscosity coefficient of the seat (N s / m)
Ls is the distance of the driver from the center of gravity of the rigid rod (m);

In this way, it is possible to derive the vertical displacements in the driver's time
domain and by deriving twice with respect to time, the vertical acceleration that the
driver undergoes is obtained.

B.3.2 Comparison between the 5 dof model and the
decoupled 4 + 1 dof
In this work, the different results were compared between the model in which the
driver is coupled to the half-car model (studied as a 5-degree-of-freedom model) and
the result of the decoupled model (in which the 4-degree model is first solved. of
freedom (half-car) then the one degree of freedom model is solved with the output).
To evaluate the differences between the two approaches, two different cars
(belonging to segments A and E) were used on a parabolic bump (12 feet in length and
3 inches in height) and a trapezoidal bump (22 feet in length and 3 inches in height).
height).
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Figure B.28 Speed table (22 feet, 3 inch)

Figure B. 27 Speed hump (12 fett, 13 inch)

Below are the tables (V-RMS) and (V-eVDV) and the respective diagrams in which
the RMS and eVDV values will be compared as the speed varies in a range between 0
km/h and 60 km/h for one type of vehicle with the coupled and uncoupled system. The
fourth column shows the difference in absolute terms between the two approaches. In
the tables and graphs, the values referring to the coupled model will be indicated with
5 while the values referring to the decoupled model will be indicated with 4 + 1.
Vehicle A on parabolic profile

Figure B. 29 RMS comparison between coupled and decoupled approaches
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Figure B. 30 eVDV comparison between coupled and decoupled approaches

Vehicle A on trapezoidal profile:

Figure B. 31 RMS comparison between coupled and decoupled approaches

Figure B. 32 eVDV comparison between coupled and decoupled approaches
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Vehicle E on parabolic profile:

Figure B. 33 RMS comparison between coupled and decoupled approaches

Figure B. 34 eVDV comparison between coupled and decoupled approaches

Vehicle E on trapezoidal profile:

Figure B. 35 RMS comparison between coupled and decoupled approaches
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Figure B. 36 eVDV comparison between coupled and decoupled approaches

It is noted that the difference between the two approaches for each vehicle on each
bump is minimal, in percentage terms, there is a difference of about 10%. It is observed
that the results concerning vehicle A in the decoupled model give greater results, both
in terms of RMS and eVDV, compared to the coupled model, this discrepancy
increases with increasing speed. By analyzing vehicle E, however, it can be seen that
the maximum discrepancy occurs in a speed range between 20 km/h and 35 km/h.
However, compared to vehicle A, the greatest results are observed from the coupled
model. Therefore it can be concluded that the two methods give different albeit
comparable results for each type of vehicle.
There has also been an interest in evaluating the differences between the two
methods, rather than in terms of RMS and eVDV, in the frequency-acceleration (facceleration) diagrams. As an example, only a few graphs are shown for each type of
vehicle:
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Figure B. 37 Accelerations in the frequency
domain for vehicle A on a parabolic bump at 15
km/h

Figure B. 38 accelerations in the frequency
domain for vehicle A over a trapezoidal bump at
15 km/h

Figure B. 39 Accelerations in the frequency
domain for vehicle E over a parabolic bump at
25 km/h

Figure B. 40 Accelerations in the frequency
domain for vehicle E over a trapezoidal bump at
25 km/h

From these graphs it can be observed that the shape is qualitatively similar in both
models, changing the values of R.M.S results in peaks falling in the same frequencies.
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